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Synopsis 
On-off traditional pneumatic drives are most widely used in industry offering 
low-cost, simple but flexible mechanical operation and relatively high power to 
weight ratio. For a period of decade from mid 1980's to 1990's, some initiatives 
were made to develop servo pneumatic drives for most sophisticated 
applications, employing purpose-designed control valves for pneumatic drives 
and low friction cylinders. However, it is found that the high cost and complex 
installation have discouraged the manufacturer from applying servo pneumatic 
drives to industrial usage, making them less favourable in comparison to their 
electric counterpart. This research aims to develop low-cost servo pneumatic 
drives which are capable of point-to-point positioning tasks, suitable for 
applications requiring intennediate perfonnance characteristics. In achieving 
this objective, a strategy that involves the use of traditional on-off valve, simple 
control algorithm and distributed field-bus control networks has been adopted, 
namely, the design and control of Components-based Integrated Pneumatic 
Drives (CIPDs). 
Firstly, a new pneumatic actuator servo motion control strategy has been 
developed. With the new motion control strategy, the processes of positioning a 
payload can be achieved by opening the control valve only once. Hence, low-
speed on-off pneumatic control valves can be employed in keeping the cost low, 
a key attraction for employing pneumatic drives. The new servo motion control 
strategy also provides a way of controlling the load motion speed mechanically. 
Meanwhile, a new PD-based three-state closed-loop control algorithm also has 
been developed for the new control scheme. This control algorithm provides a 
way of adapting traditional PID (Proportional Integral Derivative) control 
theories for regulating pneumatic drives. Moreover, a deceleration control 
strategy has been developed so that both high-speed and accurate positioning 
control can be realised with low cost pneumatic drives. Secondly, the 
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effects of system parameters on the transient response are studied. In assisting 
the analysis, a second order model is developed to encapsulate the velocity 
response characteristics of pneumatic drives to a step input signal. Stability 
analyses for both open loop and closed-loop control have also been carried out 
for the CIPDs with the newly developed motion control strategy. Thirdly, a 
distributed control strategy employing Lon Works has been devised and 
implemented, offering desirable attributes, high re-configurability, low cost and 
easy in installation and maintenance, etc to keep with the traditional strength for 
using pneumatic drives. By applying this technology, the CIPDs become 
standard components in "real" and "virtual" design environments. A remote 
service strategy for CIPDs using TCP/IP communication protocol has also been 
developed. 
Subsequently a range of experimental verifications has been carried out in the 
research. The experimental study of high-speed motion control indicates that the 
deceleration control strategy developed in the research can be an effective 
method in improving the behaviour of high speed CIPDs. The verification of 
open loop system behaviour of CIPDs shows that the model derived is largely 
indicative of the likely behaviour for the system considered, and the steady state 
velocity can be estimated using the Velocity Gain Kv. The evaluation made on a 
pneumatically driven pick-and-place machine has also confirmed that the 
system setup, including wiring, tuning, and system reconfiguration can be 
achieved in relative ease. This pilot study reveals the potential for employing 
CIPDs in building highly flexible cost effective manufacturing machines. It can 
thus be concluded that this research has developed successfully a new 
dimension and knowledge in both theoretical and practical terms in building 
low-cost servo pneumatic drives, which are capable of point-to-point 
positioning through employing traditional on-off pneumatic valves and 
actuators and through their integration with distributed control technology 
(LonWorks) by adopting a component-based design paradigm. 
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Chapter 1 Introduction 
Chapter 1 Introduction 
1.1 Research Background 
Traditionally, pneumatic drives have been used to automate simple tasks, e.g. 
simple on/off tasks where accurately control of the transient behaviour of the 
drive is not needed. This is largely because of their inherent ability to provide a 
low cost, compact, safe and simple power source. When only simple motion 
control is required, pneumatic drives with mechanical end stops have proved to 
be adequate cost effective and popular. 
For a period of decade from mid 1980's to 1990's, some initiatives were made 
to develop servo pneumatic drives for most sophisticated applications, 
employing purpose-designed control valves for pneumatic drives and low 
friction cylinders. However, it is found that the high cost and complex 
installation have discouraged the manufacturer from applying servo pneumatic 
drives to industrial usage, making them less favourable in comparison to their 
electric counterpart. This research has thereafter been directed to develop low-
cost servo pneumatic drives which are capable of point-to-point positioning 
tasks, suitable for applications requiring intermediate performance 
characteristics. 
1.1.1 Advantages of servo pneumatic drives 
Pneumatic drives have been with us for many years within industrial processes 
and it was adopted earlier than hydraulics as a principal source for transmitting 
a force. Compared with their counterpart, pneumatic drives have some 
particular advantages, in terms of speed, simplicity, safety, cleanliness, 
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cost-effectiveness, robustness and direct acting. In addition pneumatic drives 
require far less maintenance than their competing systems. 
Servo pneumatic drives have already proven their usefulness in hundreds of 
automation systems worldwide, and offer the machine designer a cost-effective 
solution for a wide range of intelligent motion applications. Manufacturers have 
started to consider the use of servo pneumatic drives for more advanced 
applications. 
Servo pneumatic drives with very carefully designed components, which 
manufactured at relatively high cost when compared with conventional 
pneumatic components, have offered reliable performance for a rang of 
application systems. It has been shown that the servo pneumatic drives can now 
provide speed in excess of 2 mlsec. By choosing a cylinder with proper 
diameter, loads of several hundred pounds can be positioned, although research 
shows that as much as 65% of the positioning tasks typically require loads from 
0.9 - 11.3 Kg (2 to 25 lb). Positioning tolerances of±O.1 mm can be achieved. 
This accounts for at least 70% of positioning system requirements. A 
particularly significant attribute of pneumatic drives is the high acceleration 
capability up to 100 mls2• Further more, cost increases due to load handling 
ability are mainly dependent on actuator and valve size. Pneumatic components 
do not increase in price nearly as fast as electric motors do; hence further 
savings for heavy-duty requirements. 
It can be concluded that the best applications for servo pneumatics are those 
requiring: 
• Rapid point-to-point positioning 
• High load carrying capacity-to-size ratio 
• Mechanical simplicity 
• Ease of maintenance 
• Low cost 
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1.1.2 The drawback in building traditional servo pneumatic drives 
Building up a servo pneumatic drive normally requires several pneumatic 
components, such as: pneumatic control valve, position sensor, home sensor, 
fittings, pipes, motion controller hardware and software, structure mechanisms, 
and so on. Some advancement in pneumatic components has been made since 
the introduction of the concept of servo pneumatics. The FESTO MPYE-5 
series proportional pneumatic valves, for example, have integrated with 
electronic amplifier with feedback loop to linearize the relationship between the 
airflow rate and the input control signal. The advanced pneumatic components 
have significantly reduced the complexity in building servo pneumatic drives. 
However, there are still having some difficulties for none-specialists to build a 
servo pneumatic drive. 
Figure 1-1 shows a typical architecture of traditional servo pneumatic drive with 
a 5-port proportional pneumatic valve, while Figure 1-2 shows the necessary 
components required for building such servo pneumatic drive (excluding servo 
motion controller). Some of servo pneumatic drives employ more components, 
e.g. more control valves, airflow rate regulator, pressure sensor, and so on. 
Compressed 
air supply 
Pneumatic 
Proportional Valve 
'-----l Motion Controller 
Home 
Sensor Position 
Sensor 
Figure 1-1 A typical architecture of traditional servo pneumatic drive 
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Figure 1-2 Necessary components required to build a servo pneumatic drive 
(excluding servo motion controller) 
To build such servo pneumatic drive, the engineers firstly must have the 
knowledge of using the every component including mechanical and electronic 
interface. The engineers also have to specially program and tune the motion 
controller according to individual application specification. This is the most 
important and difficult procedure in building a servo pneumatic drive because 
that both the professional knowledge and experience are required in the 
programming and the tuning of servo pneumatic drive. However, there are less 
engineers and users that are qualified to do such work. Although in today' s 
market, some motion controllers are commercially available for building servo 
pneumatic drives (e.g. FESTO SPC200 Servo-pneumatic positioning 
controller), users still need to learn some programming skill to setup motion 
profile to the controller. 
Furthermore, traditional servo pneumatic drives have less flexibility in re-
building large scale manufacturing system because that traditional pneumatic 
drives only support "real" design environment instead of supporting both "real" 
and "virtual" design environments. When changes are required for large scale 
manufacturing system due to the change of product, for example, traditional 
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servo pneumatic drives often require many works on rewiring and programming 
to meet the changes. 
In short, some drawback of traditional servo pneumatic drives can be concluded 
as follows: 
• Complexity in building a servo pneumatic drive. 
• Requirement of specialist knowledge 
• Less flexibility for re-building large scale manufacturing system. 
1.1.3 The way forward in building servo pneumatit drives 
Nowadays, the world marketplace becomes increasingly customer-driven. To 
satisfy the needs of global competitive markets, more and more industrial 
sectors need to manufacture a wide variety of product models, which typically 
have a short product life, in short lead-times and in variable production volumes 
to retain competitive advantage. Even for the same model type, certain features 
variants are common to meet individual preferences. Therefore, the adoption of 
concurrent engineering and agile manufacturing has been advocated as a way 
forward in meeting such requirements. By agility, it means that manufacturing 
machine systems are able to respond rapidly and cost effectively to production 
changes both in terms of volume and variety. 
The agility, re-configurability, re-usability and extendibility of the 
manufacturing machine systems are highly desirable to have embodied from an 
early phase in the design and implementation process. One prevalent approach 
to achieve enhanced re-configurability of machine systems is to adopt modular 
design and the use of standard components, so that agility is at least in part 
realised by re-using and re-configuring machine elements, in response to new or 
changed application. 
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The significant development of computing sciences has also greatly affected the 
design and control of modem manufacturing machine systems. As many 
powerful simulation tools currently are on market, the requirements and benefits 
for virtual design or engineering have emerged (Eriksson and Moore, 1994). 
The virtual design provides an efficient method for the design of large scale 
manufacturing systems by utilising various discrete-event simulation tools for 
layout design, bottleneck analysis, throughput analysis, and so on. In the virtual 
design, the control system image or the virtual control system is seen to be the 
same as the real physical control system. By this way, simulation tools can be 
used for evaluating different automation designs and equipment capabilities, in 
particular industrial robot based applications. 
One of the devisal to efficiently meet such design paradigm shift is using 
"components-based methodology" towards a more distributed components-
based configurable orientation in both software and hardware, with close 
interaction and mapping between the "virtual" and "real" worlds for both 
machine system and their control system CPu and Moore, 1998). 
The components-based methodology provides an effective way for 
interfacing/integration between "virtual" and "real" worlds. This is realised 
through the separation of two basic properties in a component, i.e. the "image of 
a component" and its "substance" (physical component). The image of a 
component or the virtual component is seen as the same for that of the real 
component. However, the image of a component only relates to the 110 
functions of a real component and does not consider its physical existence. If 
the physical existence of a component is changed and its 110 functions are not 
changed, then the image of the component will not be changed. After using a 
picture to express a real component, some suitable tools can be employed to edit 
or analyse a component, or do any thing it is useful. 3-D graphical modelling 
and simulation tools, for example, have proven to be highly effective for rapid 
prototyping, visualisation and testing 'what-if scenarios in the manufacturing 
engineering domain. 
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Meanwhile, as modern manufacturing machine systems become more 
sophisticated, distribution of intelligence is an important design philosophy for 
manufacturers and system builders to gain competitive advantage. By benefiting 
from the availability of high-speed microprocessors/microcontroller and the 
advancement in digital signal processing, 'Intelligence' can now be distributed 
to the component level, which provides a new dimension in building 
manufacturing machines and/or production systems. With such approaches the 
wiring and installation costs are greatly reduced. Maintenance of the system and 
equipment is simplified and the control capabilities should improve. The control 
elements can now be considered truly 'distributed' not only in conceptual terms 
but also in physical forms. 
In distributed control systems, the process of aggregating "components" is 
through "message" connection in reference to the "control system image". A 
control system image, which defines the logical relationship and information 
flow between these components, is the synergistic view on the relational or 
ordering of the components' image. In other words, the relationship of the 110 
functions of the input and output events of the components are governed by its 
control system image resident with that control system. The control system re-
configuration can be done through the rewiring of the 110 pins of components' 
image in the control system image or the logical binding of the 110 functions of 
the components. Thus, through manipulating the control system image of a 
distributed control system, the behaviour of that control system is ultimately 
changed. 
The provision of distributed control system re-configuration without involving 
recompilation is seen as one way to achieve efficient modification as 
requirements change. When such modifications are conducted on part of a 
machine of system, the operation of rest of the machine or system can still be 
functioning. In this way, the time for system setup, re-configuration, or 
maintenance can be also kept to minimum. 
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Therefore, a components-based integration paradigm is identified as the way 
forward in building next-generation servo pneumatic drives, which should 
exhibit the following characteristics 
• An easy way to achieved high re-configurability or flexibility. 
• Controlling complex systems by using simple building blocks. 
• Dramatic reduction in wiring and increased modularity. 
• Minimised machine's life cycle costs through improved fault self-
diagnosis and lower downtime. 
• Applying an open industry standard for communications. 
• Low cost, easy set up 
• Provision for system integration 
1.2 The Research Objective 
A major purpose of the proposed research aims to develop low-cost servo 
pneumatic drives namely Components-based Integrated Pneumatic Drives 
(CIPDs). The proposed CIPDs provide capability of point-to-point positioning, 
and suitable for applications requiring intermediate performance characteristics. 
Meanwhile, the proposed CIPDs also provide some features such as easy in 
setup, supporting both "real" and "virtual" design environments, supporting 
remote service access via Internet. The following issues are suggested for the 
research: 
• To devise a new point-to-point motion control strategy for the proposed 
CIPDs. The strategy involves the use of traditional on-off valve to reduce 
the manufacturing cost. 
• To develop a new control algorithm for CIPDs. The new control algorithm 
should be simple so that it requires less specialist knowledge to the users. 
• To design some modularized pneumatic components that supporting easy 
setup, easy tuning, easy maintenance. 
• To adopt distributed control technology into the CIPDs. Distributed 
control technology is seen as a significant factor that allows 
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requirements of modern control system design, such as: re-configurability, 
re-usability, and extendibility, to be realised cost-effectively and 
efficiently. 
• To provide Internet connectivity to the proposed CIDPs for the purpose 
technical and other remote service access. 
• To carry out mathematical modelling and system stability analysis for the 
CIPDs. 
1.3 Thesis Organisation 
This thesis is organised into 9 chapters. The following paragraphs present the 
outlines of the remaining chapters of this thesis 
Chapter 2 is the literature survey. This chapter reviews the efforts made by 
previous researchers on modelling, control and energy efficient operating of 
servo pneumatic system. It also introduces some knowledge of distributed 
control systems including advantages and disadvantages. 
Chapter 3 presents the proposed architecture of the Components-based 
Integrated Pneumatic Drives (CIPDs). It also details the CIPD network 
architecture and composition of CIPD. 
Chapter 4 gives technical details of the CIPDs including the pneumatic actuator 
motion control strategy, servo control of the CIPDs, and high-speed motion 
control of CIPDs. 
Chapter 5 introduces the remote service access strategy of CIPDs. An example 
of gateway device is given in this chapter. 
Chapter 6 covers the modelling study and dynamic characteristic analysis of the 
CIPD. The modelling developed in both frequency domain and time domain. 
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The open-loop system and closed-loop system stability are investigated. 
Chapter 7 describes the experimental system setup. Two experimental systems 
are presented. Some hardware parameters are given in this chapter. The 
experimental data processing method is also included. 
Chapter 8 presents the experimental results. It includes the test of friction 
characteristics of the experimental system. The model verifications have been 
conducted by comparing open-loop system step input and pulse input response 
obtained through simulation and experiments. 
Chapter 9 is conclusion which states the contribution of the research to the servo 
control technology of pneumatic drives and the suggestion of further research 
work. 
The Appendix and the List of References are the last part of the thesis. The 
Appendix provides some information about the LonWorks Technology which 
has been employed in this research as a distributed control technology. This 
section also includes details about the hardware that used in the research. The 
List of References section provides all the publications that have been studied 
during this research. 
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Chapter 2 Literature Survey 
2.1 Introduction 
Designing a components-based integrated pneumatic drive is a complex task. It 
includes technologies from different disciplines such as computer sciences, 
pneumatic system modelling and control and so on. This chapter presents a 
review of literature focused on the researches on modelling and control of 
pneumatic drives, distributed control systems including general information and 
identified research areas. 
2.2 Researches on Servo Pneumatic System 
Servo control of pneumatic drives has been an interesting topic for many 
researchers and engineers driven by the advantages of pneumatic actuators. 
During the last two decades or so, research and development efforts have 
significantly advanced the fundamental knowledge. It has been shown that the 
servo pneumatic drives can now provide speeds in excess of 2 m1sec. By 
choosing the proper diameter of cylinder, loads of several hundred pounds can 
be positioned, although research shows that as much as 65% of the positioning 
tasks typically require loads from 0.9-11.3 kg (2 to 25 lb.). Accuracy is 
somewhat less than that of competing technologies, but tolerances of ±0.1 mm 
can now be achieved. This accounts for at least 70% of positioning system 
requirements (Sandoval and Latino, 1997). A particularly significant attribute of 
pneumatic drives is the high acceleration capability up to 100mls2. Further, cost 
increases due to load handling ability are mainly dependent on actuator and 
valve size. Pneumatic components do not increase in price nearly as fast as 
electric motors do, offering further savings for heavy-duty requirements. Servo 
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pneumatic drives are becoming a competitive alternative to hydraulic 
servomechanisms where especially high accuracy is not required and when 
moderate response and output stiffness are acceptable. 
Servo control of pneumatic actuators proves to be a significant advance but still 
with some limitations, such as: difficult to achieve constant piston speed and 
maintain accurate position; low energy efficiency; low load capacity and so on. 
Pneumatic servos are still not as stiff as their competing technologies. However, 
some of the limitations have been resolved. With continuous development of 
servo pneumatic drives controlling technology, the applications will be 
expended and increased to many areas hitherto not known for adopting 
pneumatic technology. 
2.2.1 Studies on fundamental knowledge of pneumatic system 
Traditionally, pneumatic drives have been used to automate simple industrial 
tasks. One of the first attempts to analyse pneumatic power control systems was 
reported by Shearer (1956) who studied an open-loop system consisting of a 
pneumatic servomotor driving an inertia load acted upon by an external fore. 
The fundamental equations for the description of pneumatic systems were set up 
in his work. Burrows et al (1966) have extended Shearer's work using the root-
locus technique to provide a simpler design procedure and more insight into the 
effect of parameter changes on system performance. Shearer subsequently 
reported work on a closed loop pneumatic system with mechanical position 
feedback between the load and the valve. The system was of high-pressure type 
using air at a supply pressure of about 54 bars. The results of his work were 
successfully applied first in spacecraft and missile engine control. 
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2.2.1.1 Studies on characteristics analysis and modelling, control 
approaches, and design models of pneumatic servo drives 
During the last two decades, with advances in microelectronics and an 
increasing trend towards automated manufacture, the use of electronics for 
machine control systems has accelerated the development of servo pneumatic 
significantly. The development of programmable servo controlled motion has 
been stimulated so that automated processing equipment can be fabricated with 
sufficient operational flexibility, this gives much benefit to pneumatic systems 
to be considered for more complex processes and systems which require high 
performance capabilities. There has been some research and development in 
producing pneumatic servos. The research on pneumatic servo systems is almost 
a reflection of modern control engineering. New research initiatives on 
designing and producing analogously and digitally controlled servo pneumatic 
systems have emerged. This brief overview tries to give a skeleton picture of 
former research works in this area. 
Some of the earliest works in pneumatic servo technology can be attributed to 
the research by Shearer et al. (Shearer, 1956; Burrows and Webb, 1966; 
Vaughan, 1965). These researches were carried out based on a nominal transfer 
function model obtained by linearizing the system around a specific operating 
condition. These early works provided the foundation for much of the later 
research and development, and established the underlying principles for the 
understanding and control of servo pneumatic system. 
One of the main difficulties associated with the use of air as a fluid-power 
source is the fine tolerances required in servo-valves to prevent leakage. This, 
together with the cost of manufacturing proportional-acting servo-valve, 
suggests the use of on-off valve which present less sealing problem and are 
cheaper to produce. One other important consideration in the use of on-off 
control is that this form of control provides the theoretical time optimum 
response. 
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Burrows and Webb (1968) described an analogue computer simulation of an on-
off pneumatic servomechanism comprising a polarized relay with dead zone and 
hysteresis and an on-off four-way valve supplying air to a cylinder driving an 
inertia load acted upon by viscous damping and Coulomb friction. The effect of 
varying the amount of friction, position, velocity, and acceleration feedback is 
studied. The effect of the addition of stabilizing tanks is also considered. 
Weston, Moore et al (1984) studied microprocessor-based low cost pneumatic 
servo drives with a Martonair proportional pneumatic valve. A fourth-order 
linearised model of pneumatic systems was derived based on Burrows's (1969) 
linearised analysis of pneumatic drives, with the assumption of an inertia load 
and negligible friction. The approximate model was used as an aid to design a 
suitable control strategy for pneumatic drives. Based on the linearised model, a 
three-loop controller with position, velocity and acceleration feedback was 
implemented and the approach incorporated digital compensation for variation 
in system parameters, such as the loop gains Kp, Kv and Ka. When positioning 
loads in a "point to point" mode with brake sub-system, it was possible to 
achieve a significant improvement in both the static and dynamic performance 
of the drive. For example, the positioning accuracy of ±O.1 mm was achieved 
and the system bandwidth was increased by nearly threefold. 
The research reported by Morgan (1985) indicated that programmable 
positioning using electro-pneumatic drives is not only technically feasible but 
can also be commercially attractive. 
Bublitz and Pindel et a1. (1992) have pointed out that the advantages of using 
electronic control networks cannot be realized without incorporating actuators, 
valves, and pumps into the control and feedback loop. Control networks allow 
improving machine performance, uptime, and reliability as well as plant 
productivity and product quality because information can readily be exchanged 
between supervisors, departments, and machines. This information can be 
monitored, analysed, and revised to optimise procedures - all without disrupting 
operations. Interfacing fluid power components with the control 
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networks provides the data required for modem management information 
systems. 
An optimised solution to the control of non-linear pneumatic system is often 
"localised" and position dependent, Moore and Weston et al. (1984) proposed a 
general-purpose gain-scheduling control scheme, which can be used to tackle 
the above problems and be tailored to suit a specific application instance 
Backe (1986 and 1993) has developed a three-loop controller (position, velocity 
and acceleration feedback with velocity and acceleration derived from position 
signal) and applied on a Martonair rodless cylinder with an IHP high 
performance pneumatic servo valve. The system stiffness and damping were 
improved significantly by the three-loop controller and the best positioning 
accuracy achieved was ±0.01 mm with a stroke of 200 mm, a load of lOON and 
a maximum velocity of 2.5 mls. It was emphasized in his research that the 
positioning performance of servo pneumatic systems was strongly affected by 
the quality and the time response of the servo valve and the friction behaviour. 
A rapid acting and accurate pneumatic servo or proportional valve is essential 
for achieving good positioning accuracy. An adaptive force control gripper was 
also studied in Backe's research. 
Pu and Weston (1990) introduced new approaches and design models aimed at 
determining the steady behaviour of pneumatic servo drives. They have 
established the relationships characterising actuator velocity· and chamber 
pressure with respect to valve displacement. Certain parameter ratios are 
defined and a novel analytical solution is offered. Pu and Moore (1991a) gave 
the aspects of the operating characteristics of pneumatic systems and described 
control methods for pneumatic servomotors. Both analytical and experimental 
approaches were considered. The results show that digital-controlled air motors 
have the potential of providing an alternative solution to their electric and 
hydraulic motor counterparts. Air servomotors, through inherent low cost. good 
power-to-weight ratio and intrinsically safe operation. can thus be utilised to 
control industrial machines in certain application areas. Pu and Moore 
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et al (1991 b) have studied the feasibility in employing such drives to achieve 
simple motion profile following through adopting a high-gain control approach. 
A new design model which differs from previous research studies and provides 
the basis for formulating the control approach are used. A vane-type 
reciprocating actuator has been chosen for this study. The effects of various 
controller gain terms on dynamic responses and system stability are illustrated. 
A tuning procedure is thus identified on the basis of analytical and experimental 
observations. Pu and Moore (1991c) have also considered the use of "profile-
planning" to improve the performance attributes and to simplify the tuning 
problems found with pneumatic servo drives. 
A simulation model of a rotary pneumatic servo system has been developed and 
verified by Tillettl and Vaughan, et al (1997) against an experimental system. 
The double-acting rotary actuator is a novel device utilizing flexible inflatable 
bladders. The device differs from conventional pneumatic cylinders in that it 
exhibits low levels of friction, as it has no sliding seals, but it does suffer from 
hysteresis caused by bladder distortion. The objective of their study was to 
develop a tool with which to investigate the effect of various forms of hysteresis 
and other parameters on system performance. The dynamic model utilizes a 
linearized analysis of pneumatic components based on earlier studies. The 
principal advance described in their paper relates to the inclusion of non-linear 
elements. These are hysteresis caused by friction or the distortion of flexible 
components, and a digital controller implementation. The simulation predicted 
all major modes of behaviour. Simplified models of rubber and coulomb 
friction-induced hysteresis modified simulation performance in line with 
experimental results. An investigation in simulation showed that coulomb 
friction-induced hysteresis had a greater damping effect than that caused by 
distorting the bladders. This result applies only to position control, as hysteresis 
has been shown not to provide damping in trajectory control applications. 
Shih and Tseng (1994) have concerned with the practical application of PID-
self-tuning control on position control of a pneumatic servo cylinder. Instead of 
the complicated system equation-deriving process, a second-order 
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mathematical model is found by the system identification method, which is used 
for the controller design. A PID-self-tuning controller, whose control 
parameters Kp , Kj , Kd are time variant and self-adjusted, is designed and 
implemented in a microcomputer to control the position of the pneumatic 
cylinder. 
Richer and Yildirim (2000, 2000b) have developed a detailed mathematical 
model of dual action pneumatic actuators controlled with proportional spool 
valves. They provide an accurate model of a pneumatic actuator system 
controlled by a proportional spool valve. The model is targeted to develop force 
controllers that perform at significantly more demanding operating conditions. 
For this purpose, the model takes into consideration the friction in the piston 
seals, the difference in active areas of the piston sue to the rod, inactive volume 
at the ends of the piston stroke, leakage between chambers, valve dynamics and 
flow nonlinearities through the valve orifice, and the time delay and flow 
amplitude attenuation in valve-cylinder connecting tubes. Since the ultimate 
purpose of the modelling effort is for control applications, the proposed 
equations should be suitable for on-line implementation. They also designed 
special experiments in order to identify the un-known characteristics of the 
pneumatic system, such as: valve discharge coefficient, valve spool viscous 
friction coefficient, and piston friction forces. The model was finally tested 
using two experiments that allowed the measurement of the actuator force 
output and piston displacement. The experimental results were compared with 
the results obtained by numerical simulation. 
Slotine and Sastry (1983) presented a methodology of feedback control which is 
developed to achieve accurate tracking in a class of non-linear, time-varying 
systems in the presence of disturbances and parameter variations. The 
methodology uses in its idealized form piecewise continuous feedback control, 
resulting in the state trajectory 'sliding' along a time-varying sliding surface in 
the state space. This idealized control law achieves perfect tracking; however, 
non-idealities in its implementation result in the generation of an undesirable 
high-frequency component in the state trajectory. To rectify this, it is 
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shown how continuous control laws may be used to approximate the 
discontinuous control law to obtain robust tracking to within a prescribed 
accuracy without generating undesirable high-frequency signal. The method is 
applied to the control of a two-link manipulator handling variable loads in a 
flexible manufacturing system environment. However, this methodology has 
several important drawbacks, particularly high control authority and control 
chattering. Chattering is generally undesirable in practice, since it involves 
extremely high control activity, and further may excite high-frequency 
dynamics neglected in the course of modelling. Also, in particular, the 
methodology involved a trade-off between tracking precision and robustness to 
un-modelled high-frequency dynamics. Slotine (1984) subsequently quantified 
the precise mature of this trade-off, and complete the methodology by showing 
how to achieve optimal tracking performance given bandwidth requirements 
and (perhaps time-varying) modelling uncertainties. 
A robust feedback linearization methodology is introduced by Xiang and 
Wikander (1998) for a pneumatic actuator servo control system. By the 
presented method, that effective friction compensation, with the dynamic 
friction model, was obtained. High motion and force control performance were 
achieved with the presented techniques. Stability and robustness analysis with 
respect to uncertainties and linearization residual are also included. 
Shih and Ma (1998) have also introduced a control law, which combines the 
sliding mode and modified differential PWM (M-D-PWM) control method. A 
M-D-PWM controller is designed and implemented in a microcomputer to 
control the position of a pneumatic rodless cylinder. Instead of using a servo 
valve, two cheap high-speed solenoid valves are applied in the system. The 
experimental results show that the pneumatic system has the advantages both 
good performance and low cost with the proposed controller. 
Pneumatic servo axes controlled by PWM piloted digital valves are a suitable 
economic solution in all those cases in which high precision is not required. 
Unfortunately this kind of system is strongly non-linear, and hence 
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fuzzy logic is a powerful instrument to solve the control problem. The 
application of this technique requires the definition of dedicated membership 
functions for the fuzzy sets, while a unique set of control rules can be defined 
for every kind of actuator. An algorithm for the automatic tuning of the 
membership function was developed and tested by Mattiazzo and Mauro et al. 
(1998). 
The fuzzy control approach has been found to be an effective alternative to deal 
with complicated, ill-defined and poorly mathematically modelled dynamically 
process. Without relying on detailed mathematical model, the fuzzy control 
algorithm is developed by incorporating human knowledge and experience 
directly into implementations. Hence, fuzzy control can be used to overcome 
difficulties of parameter identification. 
Wang and Chang (1999) reported an experimental implementation of 
decoupling self-organizing fuzzy control to a TITO (Two-Input Two-Output) 
pneumatic position control system. By using the concept of decentralized 
control, a TITO control structure is decomposed into two separate control 
channels. Each channel is associated with a self-organizing fuzzy control 
(SOFC) for single-axial pneumatic control system and a decoupling SOFC for 
structure interactions. The experimental results show that the proposed control 
algorithm can achieve high control accuracy, and it is robust to various 
operating conditions. 
Pneumatic servo positioning system contains several non-linearities such as the 
air flow-pressure relationship through the variable area orifice of the valve, the 
compressibility of air, and the friction between the contacting surfaces of the 
slider-piston system. To overcome the disadvantages of a pneumatic servo 
positioning system and for purpose of control and simulation, all the non-
linearities of the system must be modelled. The problem can be treated to the 
end of constructing a complete and effective model that can be used for 
simulation and accurate control of such systems (Bashir and Farid, 2000). 
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2.2.1.2 Studies on development of servo pneumatic components 
"Bubbler" is a new type of pneumatic rubber actuator that designed and 
developed by Suzumori (1999) to realize linear motion. This actuator consists of 
a silicone rubber slab, and its interior is divided into many chambers. When 
pressure is applied to successive chambers sequentially, the surface of the 
rubbers lab produces linear travelling waves that drive objects placed on the 
actuator. Bubbler can be applied as a mobile robot base or a conveyor. The 
characteristics of the actuator can be estimated by applying a simple linear 
analysis method for various driving conditions: frequency, length, and duty ratio 
of the generated waves, vertical loads, and horizontal loads. Slip ratio or the 
error between the theoretical and experimental velocity of the actuator is within 
20%. "Pneumatic wobble motor" is also a new type of pneumatic stepping 
motor (Suzumori and Hori 1999). A pneumatic wobble motor consists of a 
donut shaped wobble generator made of silicone rubber, a wobble ring made of 
metal, and an output shaft. The output shaft is encased in the wobble ring, which 
the wobble generator covers. The wobble generator has six chambers and 
injecting air into each sequentially causes the wobble ring revolution, which 
makes the output shaft to rotate. The characteristics of this motor were analyzed 
theoretically. Two prototypes with different designs are fabricated and tested. 
The features of pneumatic wobble motor are (1) big torque (more than 10 times 
that of conventional small-size electromagnetic motors). (2) simple structure 
and (3) waterproof and dustproof. 
A new design of pneumatic motor and its application to parallel robot 
mechanism have also been reported (Suzumori and Hashimoto et aI, 2002). This 
motor consists of a pair of bevel gears and three pneumatic cylinders. It 
achieves gear meshing with high efficiency, resulting in small noise and 
vibration. The motor achieves 0.5-degree stepping increment without any 
electrical devices or sensors mounted on the servomechanism. This makes the 
motor possible to be used under hazard conditions such as in water and in the 
strong magnetic fields where conventional electromagnetic motors cannot be 
used. Characteristics of the motor have been analyzed theoretically and 
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experimentally. The application shows that the motors can be used as a direct 
servo motor for robot mechanisms. 
Akagi and Dohta et al (1999) have describes an extension of a optical servo 
system, which can be used in hazardous environments, is a novel and attractive 
control system, to a more normal scale system using a normal pneumatic rodless 
cylinder with a full stroke of 600 mm. First, two kinds of opto-pneumatic servo 
system using the rodless cylinder are explained briefly. Second, the control 
performance of the first system, which uses two flow amplifiers in the market, is 
investigated. Finally, the optical servo valve is designed and improved by using 
the analytical model proposed previously. And the control performance of the 
second system using the improved valve is investigated. As a result, it is shown 
that the improved optical servo valve is more useful in a normal scale control 
system compared with the flow amplifier. 
Air pressure measurement is an important application in process industries. A 
microprocessor based new pressure-measuring device, which is claimed that 
improves sensitivity over other conventional pressure sensors, is proposed by 
Balasubramanian and Guven (1994). The sensor consists of a diaphragm and a 
string fixed inside a hollow cylinder attached to a pneumatic medium. While 
one side of the diaphragm is exposed to pneumatic pressure, the string is 
stretched on the other side. With the use of a microprocessor, the string is 
periodically excited through an electromagnet and the vibrating frequency is 
measured from the signal obtained at an opto-coupler. The frequency is 
calibrated to indicate the pressure. 
2.3 Flexible manufactUring systems and distributed control 
In order to prosper today manufacturers may well forced to use new production 
techniques, especially for products that are made in small to moderate 
quantities. The profitability, productivity, and market share of manufactures 
now is being affected by many factors, including price increases, a failure to 
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understand customers and markets, poor use of capital. Many economists, 
engineers, and managers believe that steps need to be taken to increase 
productivity through automating both product design and production facilities. 
Product and process improvements are widely acclaimed to provide economic 
gains and to increase flexibility, resulting in fast responses and rapid 
adaptability to changing market conditions (Chen and Adam, 1991). The 
concept of computer-integrated-manufacturing (elM) comes as a consequence 
of developments in computer-aided design and factory automation. It includes 
the ability to control planning through design to shipping. It embraces the 
integration of office automation, computer-aided design and manufacturing, 
automatic storage and retrieval system, distributed data processing, and so on 
(Deane, 1980). The elM provides the systematic approach to integrated system 
development involving system engineering method to define the problem and 
technique for establishing the architecture of elM. 
Implementation of flexible manufacturing systems (FMS) started ing the late 
1970's on the conventional mechanical engineering shop-floor (Mo, 1989). 
Since then the number of installation kept increasing at a constant rate. 
Distributed control systems (DeS), which were introduced in the 1970s, have 
long been a dream of engineers seeking to automate factories, warehouses, 
homes, and other complex systems where the sensing and control tasks are 
spread out over too large an area for central control to be effective. Des gained 
rapid popularity starting in the 1980s because of their high reliability and 
superior functions and performance. In distributed control system, all 
transducers - sensors and actuators - have embedded intelligence and are 
therefore referred to as smart. They are interconnected by networks of various 
topologies which come under the generic name of filedbuses. Design of 
distributed control involves decomposing a complex system or a machine into 
many simple parts (components). Each part or component implements a special 
task or some functions. All parts or components are connected using networks 
and formed a whole system or a machine. 
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Compared with the control system employing a centralised architecture, some of 
advantages and disadvantages of distributed control systems have been pointed 
out (Xie, 1999; Lesser and Corkill, 1981; Chapman, 1990; Heck and Wills et ai, 
2003; Callen, 1998), such as: 
1). Lower installation costs of wide spread systems. 
Data communication realised through a fast serial bus instead of multi-
wire connecting cables. The resulting savings are expected to be 
dramatic. 
2). Increased reliability and flexibility for system modification or extension. 
3). Unlimited processing ability and lower processing cost. 
4). Reduced software complexity. 
The principle difficulty in implementing such a system is that unless the system 
is open whereby a set of standards are agreed allowing a true multi-vendor 
system employing best of class principles, it can only be realised by a single 
vendor solution which cane never be optimal and carries significant risk. 
Until now, the hardware of building control systems has undergone an evolution 
in which the processing has been increasingly distributed onto the plant under 
control. Advances in DCSs and the field devices which provide field 
information to DCSs have been driven by the proprietary technology of a 
number of vendors. In recent years, however, this field has felt the impact of the 
trends toward open standards, downsizing, and lower prices. 
2.4 Framework of components-based distributed control systems 
The components-based distributed control for mechatronic systems consist of 
many devices and a fieldbus. A device is a copy of a component which stands 
for the device type. Each device has an individual device name and identity (I D) 
which is used to distinguish different copies of the same component. All the 
devices communicate each other via fieldbus. For example, a building 
23 
Chapter 2 Literature survey 
automation system may have many temperature sensors with the same 110 
functions. This means that these temperature sensors are copies of a temperature 
sensor component. Each temperature sensor is called a device and has its device 
name and ID. 
2.4.1 Studies on application of distributed control technology 
Over the last decade great strides have been made in the area of application of 
distributed control technology. In the study of distributed control systems, 
researchers have focused their attentions to wide aspects of envelopment and 
application of distributed control technology. Some researchers have focused on 
modelling, scheduling and simulation of distributed control systems (Pascal and 
Frederique et ai, 1993; Huvenoit and Bourey et aI, 1995; Moriwaki and Ueda et 
ai, 1993; Lee, 1997; Zheng and Wang, 2000). Other researchers have focused 
on the system structure design, characteristic analysis, and application of 
distributed control systems (Darwish and Soliman, 1988; Hirose, 1985; Huliehe 
and Lee et ai, 1993; Harissis and Abdelrazik et al, 1990; Jung and Jeong et ai, 
1994). Distributed control is also a favourable technology in the design of 
computer-controlled vehicles (Xie, 1999; Callen, 1998; Smith, 1994; Dai, 
2002). 
Sensor networks are gaining a central role in the research community. Sinopoli 
and Sharp et al (2003) addressed some of issues arising from the use of sensor 
networks in control applications. Classical control theory proves to be 
insufficient in modelling distributed control problems where issues of 
communication delay, jitter, and time synchronization between components are 
not negligible. They presented their hardware and software platforms while 
proposing an open architecture to help rich distributions. They reviewed useful 
models of computation and then suggested a mixed model for design, analysis, 
and synthesis of control algorithms within sensor networks. They also suggested 
a general approach to control design using a hierarchical model composed of 
continuous time-triggered components at the low level and discrete event-
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triggered components at the high level. 
Real-time control systems, involving continuous measuring and monitoring of 
physical quantities, need often to take into account fault-tolerance capabilities to 
guarantee a correct behaviour (even in the presence of a given amount of 
hardware faults and software errors) or, at least, to provide gracefully 
degradable performances. Piuri (1994) has presented an integrated approach to 
dimensioning the distributed system and to allocating the computation for real-
time control applications. They reversed the classical approach of software 
allocation on a fixed architecture, and allocated the software components onto a 
virtual architecture having no predefined constraints. The actual hardware 
structure is assembled following guidelines of optimum software allocation. 
Fault tolerance has been included in the design methodology as a basic feature 
for any critical system. Different strategies have been analyzed. Their 
integration in the homogeneous frame for system design has been introduced. 
The use of their methodology has been experimented also in some real-life 
cases concerning chemical industries, robotics, and electrical power plants; in 
such cases, it has been proved effective in reducing the costs (about 20% less 
than traditional methodologies) while guaranteeing a high degree of fault 
tolerance. 
Benamara and Moreno (1997) have solved some problems related to the 
distribution by considering a virtual distributed system. Real-time distributed 
applications have stricter distribution requirements than classical distributed 
systems. Generally, the solutions are built in a "bottom-up" way by combing 
existing solutions in the domain of control and distribution. However, the 
distribution of control application on them is complex (synchronisation 
problems, consistency of data, concurrency, and so on). At this time, it is 
possible to dispatch data to all modules sharing industrial network, but 
expressing global behaviour is more difficult without a complete modelling of 
mechanism ensuring this behaviour. Therefore, in order to migrate the systems 
to a common hardware and software platform a new concept must be 
considered. This platform must integrate re-configurable entities, model 
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their behaviours and perform their communication mechanisms. They have 
reported the concepts related to their virtual automation and the construction of 
a distributed system as a combination of disparate collaborating control agents. 
The development of the control system is based on an object-oriented method 
using a systemic approach. The need of two complementary models is also 
introduced: a behavioural model based on cognitive and expert systems, and an 
architectural model that hides the physical distribution of the application. 
Traditional generations of mobile robots/vehicles are typically wire guided with 
low functionality. Usually the vehicle follows a guide track to navigate to its 
target or a human operator controls the vehicle by means of a hand-held 
controller or remote controller. However, the operator mistakes (e.g. misjudging 
the vehicle speed or the distance between the obstacle and the vehicle) might 
damage the vehicle, loads and the vehicle work environment. Dai (2002) has 
designed a smart sending system using distributed control technology. The 
smart sensing system integrated in a semi-autonomous vehicle facilitates a level 
of perception to support the enhanced behaviours of the system. The smart laser 
scanner component can provide raw data or extracted data for autonomous 
navigation mode. In the component, specialised perception algorithm extracts 
the necessary information, whereby: perception is conducted on a need-to-know 
basis. Multiple parallel processes that fit the semi-autonomous vehicle's 
different behavioural requirements were used. The research has achieved results 
in the area of distributed control, intelligent sensors and systems integration 
within automation systems using the flexibility offered by the approach. This 
approach combines advanced control and sensing techniques (i.e. reactive 
behavioural control architecture and smart sensing) with the state-of-the-art 
enabling technologies (i.e. distributed control and component-based design) to 
the realisation of semi-autonomous vehicles being enhanced. 
Chen and Wang (2002) proposed a standard-based scalable framework for 
distributed application systems. The framework is featured with Internet-based 
distributed real-time systems with visualization device methods and remote 
service capabilities. Theses devices are among the most critical parts of 
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processes and production lines, since they handle all functions related to 
dynamic behaviours of distributed real-time systems. The framework will 
handle event and time triggered real-time scheduling. It covers multi-tier 
architecture with language independent interfaces, nodes and applications. 
Built-in dependability technologies at the application level enable the users to 
implement customized applications and to easily integrate them into a 
distributed control system. The programmable and re-configurable built-in 
dependability mechanisms provide a flexible platform for distributed real-time 
application. 
LonWorks technology is a complete platform for implementing control network 
systems. This technology was developed by Echelon Corporation and put on the 
market in 1990. Echelon's efforts were focused on obtaining a standard 
communications protocol together with the necessary tools which provide and 
easy and fast implementation of the nodes in a network. Hence, Lon Works 
technology includes all of the elements required to design, deploy and support 
control networks. 
Smith (1994) reported an application of LONTalk, a Local Operating Network 
protocol, to a distributed control system for the Ocean Voyager II Autonomous 
Underwater Vehicles (AUVs). A detailed description of the OV II's distributed 
sensing and control architecture is given, in addition to the salient features of 
LONTalk and its associated hardware. The Ocean Voyager II is one of a new 
generation of small long-range inexpensive AUVs for oceanographic data 
collection. The goal behind developing a distributed control system was to 
simplify construction of the vehicle while increasing reliability and re-
configurability. With specific examples from the OV II development, the 
advantages and disadvantages of using the distributed control and the LONTalk 
protocol are discussed. A comparison between SAIL and LonWorks, and 
potential for cost-effective interoperability of sensor, actuator, and computation 
systems in AUVs using LonWorks, are also made in the report. 
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Alonso and Ribas et al (2000) presented a new distributive control system for 
fluorescent lighting applications based on LonWorks technology. The system 
features the following elements: microprocessor controlled fluorescent lamp 
electronic ballast, communication system using the power line as 
communication media, and control software for Windows 95 environment. With 
this structure, a low-cost distributive control system for lighting applications has 
been achieved, allowing both energy saving and increase in the reliability of the 
fluorescent lighting system. 
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Chapter 3 Architecture of Components-
Based Integrated Pneumatic Drives 
3.1 Introduction 
Pneumatic drives are the most widely used in industry in tenns of total number 
of units. This is because, in comparison with their counterparts, pneumatic 
drives have some particular advantages. The main advantages of pneumatic 
drives are their economy, simplicity, robust, and direct acting when compared to 
other technologies of equivalent perfonnance. Pneumatic drives require far less 
maintenance than their competing systems, which often need a set of complex 
mechanisms between actuator and load such as lead screws, gearboxes or belt 
drives. 
In the last 20 years or so, with renewed interest in the application of servo 
pneumatic drives, a significant amount of research has been carried out into the 
control of servo pneumatic drives including static and dynamic control 
characteristics, servo motion control strategy, and so on. In practice, most of 
servo pneumatic drives are designed as an individual control system with a 
dedicated computing element (motion controller) for the implementation of 
servo motion control strategy. Some of servo pneumatic drives have been 
designed to support some common data transfer protocols such as: LAN, 
RS232, RS458 and so on. However, these types of individual system nonnally 
only support the manufacturing machine/system design and control in the "real" 
environment. 
The Components-based Integrated Pneumatic Drives (CIPDs) that are 
developed in this research, not only support the design of control system in the 
29 
Chapter 3 Architecture and control theory 
"real" environment, but also support the design in "virtual" environments. This 
chapter presents the architecture of CIPDs system, and the composition of 
individual CIPD. 
3.2 Overview of the Components-based Integrated Pneumatic 
Drives 
The CIPDs are designed to provide point-to-point motion processes. A CIPD 
consists of three integrated CIPD modules: Integrated Pneumatic Actuator 
Module (lAP), Integrated Direction Control Module (lDC), and Integrated 
Speed Control Module (ISC). According to different application requirements, 
users are allowed choose the models with different parameters to build a cost 
effective servo pneumatic drive. The CIPDs employ a new pneumatic actuator 
motion control strategy. With such strategy, the speed of motion can be 
controlled by mechanism adjustment rather than programming the motion 
controller. The motion controller is pre-installed with a common motion control 
application program, which is independent to the other models of a CIPD. 
Hence, the users are totally released from learning skills for programming the 
motion controller. The CIPDs are also integrated with distributed control 
technology and digital feedback control technology. These technologies ensure 
that CIPDs are easy to be set up; flexible in configuration; having high 
positioning accuracy, and to be components-based devices in a distributed 
control system, and so on. 
In short, compared with traditional servo pneumatic drives, the following 
specific features can be summarised: 
• Only three models are needed to build up a servo pneumatic drive. 
• No need of specialist to build up a servo pneumatic drive. 
• No need of programming skill to program the CIPDs at user stage. 
• Motion speed can be adjusted mechanically. 
• Positioning accuracy of ± 0.1 mm can be easily achieved. 
• Multiple-media communication ability. 
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• Re-configurable, re-usable, low cost, and easy for setup. 
3.3 Architecture of the Components-based Integrated Pneumatic 
Drives Control Network 
Figure 3-1 illustrates the architecture of a large scale manufacturing system that 
is built by CIPDs with remote service access support. 
Technical support 
Product database 
Diagnosis tools, and so on 
Business 
network 
,.e ======:~ .. ( Gateway) 
Control network 
Figure 3-1 Architecture of Components-based Integrated Pneumatic Drives 
system 
A CIPDs network system consists of a number of CIPDs, a local control 
network fieldbus, and a gateway device. Each CIPD has an individual name and 
identity which is used to distinguish different CIPD in the same control system. 
All the CIPDs and the gateway device communicate each other via the control 
network fieldbus. The gateway device also connects the control system to 
Internet for technical services support, product monitoring, and system 
maintenance, and so on. 
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The local control network is built based on distributed control technology. A 
distributed control system has a system image used in virtual design 
environment. The system image is a virtual expression of the system made up 
by a group of component images and their connection. The connection lines to 
the 110 pins of the components and represents the message exchange among the 
input and output events of the components within the distributed control system. 
The distributed control system images provide a good visual representation of 
distributed control system design platform. By using this platform, the design of 
distributed control system is similar to the design of an electronic circuit. A 
control system designer mainly considers what components will be used and 
how to connect these components together to build up a distributed control 
system. A database, which is hidden within the control system image, links up 
the control system image and the practical distributed control system. When the 
control system image is modified, the database and the practical control system 
are also modified. Figure 3-2 shows the relationship among the distributed 
control system image, the database and the practical control system 
Control 
system 
lmage 
Database 
Real 
control 
system 
Figure 3-2 The relationship among the distributed control system image, the 
database and the practical control system 
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3.4 Composition of a Components-based Integrated Pneumatic 
Drive 
A CIPD in a distributed control system is an entity which is designed to perform 
a certain function or tasks and can be used to compose more complex entities 
for given purpose. A CIPD includes: 
1). A physical component (or a real component) which consists of a set of 
hardware (entity) and software (application program), 
2). An CIPD component image (virtual component), and 
3). An 110 function database. 
Figure 3-3 illustrates the composition of a components-based integrated 
pneumatic drive. 
CIPD 
Component Application program 1 
Image Device information 
11 database ~t 
1/0 functions ~ Hardware I database Physical component 
Figure 3-3 Composition of a components-based integrated pneumatic drive 
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The physical component of a CIPD is needed to build a real distributed control 
system. A real CIPD component includes the following two parts: 
i). Hardware 
The hardware means the physical entities of a CIPD component including 
mechanical structures, electric devices, and some others. Each CIPD 
component must at least have a CPU to implement events and 
communicate with others. There is no flexibility between these physical 
entities, so it cannot easily be modified. However, the other components 
within a CIPD are designed as standard models but with different 
parameters, hence users can easily change the relative physical entities to 
meet the different application requirements. 
A CIPD component is physically connected to other components within 
the control system via its communication I/O. Within the local network, 
the communication among components IS through the same 
communication protocol. There is a gateway device inserted between the 
local network and Internet for access of remote services. 
ii). The application program 
There are two parts within the application program: 110 functions interface 
and events processing. The 110 interface set up the relationship between 
the external information and internal information of a CIPD component. 
The external information is designed by the component developer and 
used to understand functions of the component. The internal information 
used to bring all modules within the real component into correspondence 
with the 110 functions interface. 
The event processing part is used to realise some 110 functions or 
input/output events, some control algorithms, network communication, 
and some others. The control module will communicate with the I/O 
function interface and other modules, such as the sensor module, so that it 
can get enough information to realise the control. 
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The CIPD component image is a virtual component used in the virtual 
environment of component design and control system design. In control system 
design, the component image could be expressed as a picture (a kind of symbol) 
and associated 110 pins. The picture stands for the entity and the functions of 
CIPD component. The CIPD component image could be thought as a black box 
from the viewpoint of a control system designer. The functions of a component 
are embedded within the black box. The visible aspects for a control system 
designer are the incoming and outgoing events. This means that a control 
systems designer only needs to know what functions or events will be 
implemented by a component, how to use these components to realise the 
control system solution by connecting suitable 110 pins (network variable), and 
does not need to know how the functions of events will be achieved within a 
component. Therefore, designing a control system is similar to designing an 
electronic schematic. Figure 3-4 illustrates the CIPD component image for 
control system design in virtual environment. 
CIPD 
II I---+-
Figure 3-4 CIPD component image for control system 
The 110 pins represent the virtual connections which are event driven to this 
component or other components. An event is a stimulus from one component to 
another for: a) passing a message; b) asking it to do something; or c) 
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invoking an operation. In other words, the 110 pins are used to set up the logic 
connection with other components. Each pin has a pin type name which stands 
for the event type name, such as temperature, pressure, and so on. The pin type 
name is also called a network variable name in a control system. Each pin has 
an input or output characteristics and some pins of a component may have the 
same pin type name, but a different pin name. Figure 3-5 shows the example of 
virtual connection between a sensor node and a CIPD node in virtual 
environment design. 
Sensor 
(Commander) 
Figure 3-5 Connection of components in virtual environment design 
The 110 functions database is a bridge between the virtual image and the real 
physical component. In other words, it is a logical interface to a CIPD physical 
component. This database consists of: a) the program ID, b) the types of 
input/output events, c) the names of input/output events, d) the direction of 
messages (input/output), and e) the connection attributes of input/output events 
(Priority, Authenticated, and so on). It is also used to set up the relationship 
between the control system virtual design and the real system. 
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3.5 Hardware Composition of Components-based Integrated 
Pneumatic Drives 
A CIPD involves three integrated physical components (modules), they are: 
Integrated Pneumatic Actuator Module (IP A), Integrated Direction Control 
Module (lDC), and Integrated Speed Control Module (ISC). These integrated 
CIPD physical components include all necessary elements to build a servo 
pneumatic drive. These components are also Plug & Play devices; hence a CIPD 
can be setup in a few minutes without any configuration process. 
Figure 3-6 shows hardware composition of a CIPD (with a pneumatic cylinder 
as an example) that developed in this research, it also shows the relationship of 
the three physical components and the airflow path within a CIPD. Figure 3-7 
shows the pneumatic circuit diagram of a CIPD. The details about each 
component are presented in the following sections. 
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Figure 3-6 Composition of a Components-based Integrated Pneumatic Drive 
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Figure 3-7 Pneumatic circuit diagram of CIPD 
3.5.1.1 Composition of Integrated Pneumatic Actuator Module (lPA) 
The Integrated Pneumatic Actuator Module (lPA) proposed in this research is 
an intelligent component based on a pneumatic actuator (pneumatic cylinders 
are used in this research). This module is integrated with a TPIFT-IOF Control 
Module (manufactured by Echelon) for network processing and application 
implementation. This module is also integrated with position sensor and home 
sensor for the load position feedback and initializing the load to a referenced 
position. An electrical power supply regulation unit is included for the motion 
controller. Figure 3-8 shows the composition of the IPA module. 
In practice, this module can be regarded as a usual pneumatic actuator that 
generates motion force. According to different application requirement for the 
motion force, user should choose an IP A with a suitable size actuator inside the 
module, to optimize the cost effective. 
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Figure 3-8 Composition of Integrated Pneumatic Actuator component 
This module has some connections with other two modules (Integrated 
Direction Control Module and Integrated Speed Control Module) including 
compressed air supply and valve control signals. Table 3-2 and Table 3-1 list 
the connections. This module also has the connection to the network fieldbus. 
Table 3-1 Connection with the Integrated Direction Control Module 
Pin No. Function 
1 Power supply 
2 Control signal for valve A 
3 Control signal for valve B 
4 GND 
5 Compressed air supply 
6 Cylinder port 
7 Cylinder port 
8 Released air port 
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Table 3-2 Connection with the Integrated Speed Control Module 
Pin No Function 
1 Power supply 
2 BCD signal line 1 
3 BCD signal line 2 
4 BCD signal line 3 
5 BCD signal line 4 
6 GND 
7 Released air port 
The integrated TPIFT -1 OF Control Module, which is manufactured by Echelon, 
includes a Neuron 3150 chip that is integrated with LonWorks Technology. A 
Neuron 3150 Chip includes three processors inside the chip: MAC Processor, 
Network Processor, and Application Process. The Application Process is 
specially provided to users to run an application program. A Neuron 3150 chip 
also provides 11 programmable 110 pins with 34 selectable modes of operation, 
and two l6-bit timer/counters for frequency and timer 110. The LonWorks 
Technology is a complete platform for implementing distributed control 
network systems. Through the network, any motion command from other 
devices, e.g. target position command, emergency stop command, and so on, 
can be transmitted as network variables via the fieldbus. LonWork Technology 
includes all of the elements required to design, deploy, and support control 
networks. It also supports multiple communication media including Power-line, 
Twisted-pair cable, Radio Frequency, and so on. Figure 3-9 illustrates the 
hardware composition of the integrated TPIFT-IO Control Module. 
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Figure 3-9 Hardware composition of the integrated TPIFT-I0F Control Module 
3.5.1.2 Composition of Integrated Direction Control Module (lDC) 
The Integrated Direction Control module (IDC) proposed in this research is a 
none-intelligent component. It consists of two 3-port 2-position on-off solenoid 
pneumatic valves, one pressure regulator, one non-return valve, and one 2-
channel amplifier for the valves. The IDC is placed between the lIP A module 
and the ISC module (as shown in Figure 3-6). The function of the IDC is 
controlling the motion direction the pneumatic actuator. 
Figure 3-10 shows the composition of IDC module. The pin functions of its 
interface are listed in Table 3-1. 
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Figure 3-10 Composition of IDC component 
The CIPDs employ a new pneumatic cylinder motion control strategy. Under 
this motion control strategy, the velocity of motion is proportional to the orifice 
size of the exhaust port (details are presented in Section 6.9). The port size of 
the two on-off control valves in the IDC affects the maximum motion velocity 
of the CIPD. By integrating the two on-off control valves and other 
associational parts to be one module, users have flexibility to choose different 
IDC to meet the application specification of maximum motion speed. Hence, the 
cost-effective feature of the CIPD can be significantly improved by avoiding 
using a large size IDC to build a slow moving drive. 
In practice, if an IP A which based on an asymmetric pneumatic actuator is 
selected for a CIPD, users are required to adjust the Pressure Regulator inside 
the IDC to make the cylinder stable at stand-by state (no motion target position 
variable is received by the motion controller). The reason for doing so is 
explained in next chapter. 
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3.5.1.3 Composition of Integrated Speed Control module (ISC) 
The Integrated Speed Control (ISC) module proposed in this research is none-
intelligent component. It consists of several 2-port on-off pneumatic valves, and 
each of them is associated with a size adjustable port orifice. The function of the 
ISC is to control the size of exhausting port of the CIPD, so that the velocity of 
the load can be controlled (details are presented in Section 4.4 and Section 6.9). 
The control signal from the motion controller is a BCD (Binary Coded Decimal) 
signal hence, for example, four control signal wires can control up to fifteen 
objects. 
Figure 3-11 shows the composition of the ISC module. The pin functions of its 
interface are listed in Table 3-2. 
7 2 3 456 
BCD control signal decoder & signal amplifiers 
... 
FRo 
Atmosphere 
Figure 3-11 Composition of ISC component 
From Figure 3-11 it can be seen that, by controlling the state of on-off valves, 
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the total size of the orifice (between the Pin 7 to the port connected to 
atmosphere) can be controlled. The minimum orifice size is controlled by the 
FRo when all of the on-off valves are at closed state. The number of the on-off 
valves is flexible, but it will affect the performance of the CIPD in acceleration 
and deceleration phase, and positioning accuracy as well (details about is 
explained in Section 4.4.3). Changing the number of on-off valves dose not 
affects the application program pre-installed in the motion controller in IP A. 
Hence, users are allowed to choose different ISC with different number of 
valves, to meet their application specification to have a cost-effective CIPD 
The ISC is connected to the IP A module via its external interface. After this 
component is installed, users are required to adjust the orifice size of each on-
off valve to set the maximum motion speed and a suitable motion deceleration 
rate. 
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Chapter 4 Motion Control of Components-
Based Integrated Pneumatic Drives 
4.1 Introduction 
Most of the previous research on the servo control of pneumatic drives is based 
on the traditional motion control strategy. In such strategy, a motion control of 
pneumatic actuator is achieved by charging compressed air into pneumatic 
actuator chambers. When the drive is in stand by state, the pressures in the 
chambers are equal to the atmospheric pressure, or lower than the air supply 
pressure. To achieve a good control performance, one or more cooperative high-
bandwidth proportional or on-off control valves are placed between the 
compressed air source and the pneumatic actuator. However, from the 
manufacturing point of view, the cost of either the high bandwidth proportional 
or on-off valves is expensive. This is one of the factors that deter the 
manufacturer from applying this kind of system, thus making them less 
favourable. 
The CIPDs, which are developed in this research, employ a new motion control 
strategy. In this new control strategy, both chambers of the pneumatic actuator 
are directly connected to the compressed air source when the system is in stand 
by state. The motion control of the actuator is achieved by releasing the 
compressed air from one of chambers. Thus, air pressure in only one of the 
chambers is being controlled (the other remain as supply pressure). By using 
this method, not only the air in the chambers is more controllable but also low-
bandwidth pneumatic valves can be employed, hence providing a lower cost 
pneumatic system. This chapter introduces such motion control strategy and the 
corresponding pneumatic circuit. 
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4.2 Pneumatic actuator motion control strategy employed within 
CIPDs 
Pneumatic actuators can be largely classified in to two classes: symmetric 
pneumatic actuators and asymmetric pneumatic actuators. The symmetric 
pneumatic cylinders have same piston area in two chambers. When the two 
chambers are charged by a same compressed air supply, the piston will not 
move because the force, that crossing the piston generated by the compressed 
air, are balanced. However, asymmetric pneumatic cylinders have different 
piston areas in the two chambers, when the two chambers are charged with a 
same compressed air supply, the piston can be moving if the force crossing the 
piston is larger than frictional forces of the system. Therefore, the pneumatic 
circuit of CIPDs with symmetric actuators is slightly different to CIPDs with 
asymmetric actuators. In the following sections, a pneumatic cylinder is used as 
an example of pneumatic actuator for presenting the pneumatic circuit of the 
new pneumatic actuator motion control strategy. 
4.2.1 Cylinder motion control strategy of CIPDs with a symmetric 
pneumatic cylinder 
Figure 4-1 is a simplified pneumatic circuit diagram of CIPDs with a symmetric 
pneumatic cylinder at stand-by state. The system mainly consists of one 
pneumatic cylinder, two 3-port 2-position on-off pneumatic solenoid valves 
(Valve A ,B) and two airflow rate regulators (FRA,B). 
At ready-to-work state, both the Chamber A and B are directly connected to the 
compressed air supply, hence the pressures of both chamber (P a and Pb) are 
equal to the compressed air supply pressure P s. At this state, the load (M) does 
not move because pressure difference between the Chamber A and B is zero. 
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Valve A 
(Oft) 
A direction motion 
-
Chamber A Pn 
Control 
signal A 
B direction motion 
-
Chamber B Ph 
Valve B 
(Oft) 
Paw Air supply p. Paw 
Control 
signal B 
Figure 4-1 Simplified pneumatic circuit diagram of the CIPDs 
When an A direction motion of load is required, the control valve A will be 
turned from "off' state to "on" state by the valve control signal A, then the 
pneumatic circuit becomes one as shown in Figure 4-2. At this state, the 
Chamber A is connected to the atmosphere through the airflow regulator A 
(FRA), hence compressed air in the Chamber A is being exhausted. This will 
cause the chamber pressure Pa to be lower than the supply pressure Ps• When a 
force difference crossing the piston, which is caused by the pressure difference 
of P a and Pb, is larger than the system frictional forces of the system, the load 
start to move. 
When the load reaches target position, the valve control signal A will turns the 
Valve A from the "on" state to the "off' state, then the pneumatic diagram 
becomes one same as Figure 4-1. At this state, the Chamber A is re-charged to 
the compressed air supply, and the force cross the piston is zero. This will cause 
the load to be stopped by the frictional force of the system. 
Figure 4-3 is pneumatic circuit diagram of CIPDs when load is moving towards 
B direction. Its working theory can be easily understood by referring above 
description. 
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In this research, the two motion control valves, Valve A and Valve B, are 
referred as Direction Control Valves. 
A direction 
-
Chamber A Pn 
0( I 
Control 
signal A 
ChamberB Ph 
Valve B "t--t-'--..... 
(Oft) 
Pann 
Air supply Ps P'1m 
~ 
Control 
signal B 
Figure 4-2 Pneumatic circuit of the CIPDs during A direction motion of piston 
Valve A 
(Oft) 
Chamber A Pa 
~ 
Control 
signal 
B direction 
-
ChamberB Pb 
Air supply p. 
Control 
signal B 
Figure 4-3 Pneumatic circuit of the CIPDs during B direction motion of piston 
4.2.2 Pneumatic circuit with an asymmetric pneumatic cylinder 
An asymmetric pneumatic cylinder normally is associated with a difference of 
effective piston area, that is Aa * Ab • To control the piston to be stable 
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at stand-vy state, a relationship that PaAa = PbAb must be satisfied. This can be 
achieved by applying different chamber pressures P a and Pb in two chambers; in 
other words, the pressure of compressed air supply to the two chambers should 
be different. 
A direction 
-Chamber A 
Valve A rr----.-...---. 
(Off) 
Pabn 
B direction 
- ChamberB Pb 
Pneumatic 
~ 
Valve B rr---.....---. 
Control 
signal A 
Pressure 
Regulator 
(Off) 
Air supply Ps 
Pabn 
Control 
signal B 
Figure 4-4 The pneumatic circuit diagram of the CIPDs using an asymmetric 
pneumatic cylinder 
A simplified pneumatic circuit of CIPDs with an asymmetric pneumatic 
cylinder is shown in Figure 4-4. In this circuit, a pressure regulator is inserted 
between the compressed air supply and the control valve that controls the air in 
the chamber associated with the large piston area. Therefore, the relationship, 
PaAa = PbAb, can be satisfied by setting up two different supply pressures. The 
theory of the motion control strategy of CIPD with an asymmetric actuator is 
same as theory described in Section 4.2.1. 
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4.3 Servo motion control of the CIPDs 
The CIPDs employ two 3-port 2-position on-off pneumatic valves as direction 
control valves. On-off pneumatic valves only accept the logical control signal 0 
or I. In other words, on-off valves cannot correctly response to an analogue 
control signal. However, most of well-developed modem control technologies 
are based on analogue signal calculations. PWM (Pulse Width Modulation) is a 
well known approach that likely to be chosen to transfer an analogue signal to a 
object digitally. Many successful electrical applications proved that the PWM is 
a sufficient way in automation control system. For the application of servo 
pneumatic system, PWM normally requires wide bandwidth on-off control 
valves (e.g. 100 Hz) to achieve relatively good performance; however, the wide 
bandwidth on-off pneumatic valves are normally low capacity and high cost. 
To benefit from modem control technology, a three-state control algorithm is 
developed during this research. This control algorithm is based on an analogue 
control algorithm, however its outputs are two valve control signals. Any well-
developed analogue control algorithm, for example, PID-based control 
algorithm, can be directly applied to the three-state control algorithm. 
4.3.1 Three significant motion states of a full motion process 
As described in Section 4.2, the motion control of the pneumatic cylinder in 
achieved by releasing the air in the corresponding chamber. According to the 
state of the direction control valves ("On" state or "Off' state), the full motion 
process could be divided into three significant states as illustrated in Figure 4-5. 
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Stopping Stand-by 
state state ~:o( ~:~o(--~.' 
. ';
i ~ Time 
Logical 1 t----
Logical 0 +-~----!--------+----+i------. Time 
Valve control signal 
Figure 4-5 Three significant motion states of a full motion process 
1). Moving State: this state includes the period from the time, at which 
the control signal to a control valve is turned from logical 0 to logical 
1, to the time at which the control signal is turned from logical 1 to 
10gicalO. 
2). Stopping State: this state includes the period from the time just after 
the control signal is turned from logical 1 to logical 0 to the time at 
which the load is stopped by the system frictional force. 
3). Stand-by State: this state includes the period from the time, at 
which the piston (load) is stopped, to the time at which the piston 
(load) starts to move for next motion command. 
According to the pneumatic actuator motion control strategy described in 
Section 4.2, the relationship between load position, load velocity and 
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control signals of Valves A and B can be schematically illustrated in Figure 4-6. 
It can be seen that a three-state control signal can presents the state of control 
signals for Valves A and B. The relationship between the three-state control 
signal and control signals of Valves A and B is also illustrated in Figure 4-6. 
Velocity 
Position 
Stopping 
State 
Stand-by 
state 
Stopping 
State 
Time 
-+~~------+--7------~--------~~-'. Time 
t 1 1 :;::: ~ -h-n __ n_-t_n__n_n ! 
. Iii Valve A; • 
~::;::: ~ m n! '--omnonnmmmr--nmmnmmmr--
i i Valve B ! : 
: ::
I ! , j i C~:~;'I _ n! i---_n-ln_nn_-_----r 
i 10 i 00 i 01 i 00 ; : ; : 
• Time 
• Time 
Figure 4-6 Relationship between load position, load velocity, control signals 
for Valves A and B and tree-state control signal 
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The three states of the control signal are: 
• State 1: this controls Valve A to be open and Valve B to be closed. At this 
state, the piston (load) is controlled to move for an A direction motion. In 
three-state control signal, this state is denoted by "10". 
• State 2: this controls both Valve A and Valve B to be closed. At this state, 
the piston (load) is decelerated or stopped. In three-state control signal, 
this state is denoted by "00". 
• State 3: this controls Valve A to be closed and Valve B to be open. At this 
state, the piston (load) is controlled to move for a B direction motion. In 
three-state control signal, this state is denoted by "01". 
4.3.2 Servo control algorithm of the CIPDs 
It is very difficult for pneumatic servo actuators to achieve high control 
performance due to their extraordinary high non-linearities. Many factors 
contribute to the non-linearities associated with a pneumatic actuator. These 
include the non-linearity of friction and compressibility of air, and other factors 
like time delay of control valves. 
Feedback linearization is one of the well-known techniques for a control system 
with non-linearities. With this technique, a non-linear system can be controlled 
like a linear one. The principle of feedback control can be expressed as the 
following (Astrom and Hagglund, 1995): 
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Increase the manipulated variable when the process variable· is smaller 
than the setpoint·· and decrease the manipulated variable when the 
process variable is larger than the setpoint. 
This type of feedback is called negative feedback because the 
manipulated variable moves in opposite direction to the process variable. 
Virtually any feedback controller is intended to generate an output that 
causes some corrective effort to be applied to a process so as to drive a 
measurable process variable towards demand. The block diagram shown 
in Figure 4-7 illustrates the negative feedback principle. 
YSfJ e u Process Y Controller 
+ 
-
Figure 4-7 Block diagram of a process with a feedback controller 
PID-based control is the most commonly used control method for servo control. 
It is simple to be implemented and there exist some well-developed tuning 
knowledge and strategies. The effect of each mode in a PIDVF (Proportional, 
Integral, Derivative, Velocity feedback, Velocity feed-forward) 5-term control 
algorithm on servo pneumatic system control using proportional valve has been 
studied previously (Pan, 2002). The followings are the summaries of the 
reported results. 
1 . • The process output is called process variable (PV) in this research. 
2. •• The desired value of the process variable is called the setpoint (SP) in this research. It 
is denoted by Y sp • 
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• Proportional mode (P): Proportional mode produces a correction that is 
proportional to the error and adjusted with the proportional gain factor Kp. 
This correction is then added to the control input, and the error is then 
reduced. With an increase in proportional gain, system's stiffness is 
increased, thereby resulting in reduced positioning error. However, there is 
a limit, beyond which the system will become unstable or oscillatory. 
• Integral mode (I): Integral mode produces a control action; the action is 
proportional to the integral of the error with time. A constant error signal 
will produce an increasing correcting signal. The correction continues to 
increase as long the error persists. 
• Derivative mode (D): Derivative mode produces a control action that is 
proportional to the rate at which the error is changing. When there is a 
sudden changing in the error signal the controller gives a large correcting 
signal. When there is a gradual change only a small correcting signal is 
produced. Derivative control can be considered to be a form of 
anticipatory control in that the existing rate of change of error is measured, 
a coming larger error is anticipated, and a correction applied before a 
larger error has arrived. 
• Velocity feedback mode (V): Velocity feedback mode is used to reduce 
the onset of instability in the servo loop algorithm. It acts to resist rapid 
movement of the actuator and hence allows the proportional gain to be set 
higher before oscillation sets in. 
• Velocity feed-forward mode (F): Velocity feed-forward mode is used to 
reduce time delay/acceleration response and position following error. With 
pure feedback, relatively large position error is needed in order to produce 
a command signal which can maintain the system at the desired velocity. 
The introduction of a velocity feed-forward term can reduce the large 
positioning error caused while trying to achieve the desired velocity. 
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The feedback control technology has been chosen for the control of the CIPDs. 
However, according to the nature characteristics of the CIPDs, it is concluded 
that integral, velocity feedback, velocity feed-forward modes are ignorable. This 
is because that, firstly, the CIPDs are point-to-point positioning drives, control 
of velocity profile in a motion processing is not required, secondly, the three-
state control signal will ignore any control action produce by integral, velocity 
feedback, velocity feed-forward modes due to the exist of the Region of 
Acceptable Errors (RAE, details about three-state control signal generation are 
presented in next section). Therefore, a PD-based servo control loop is 
employed within the CIPDs. The block diagram of the servo control loop of 
CIPDs is shown in Figure 4-8. 
Signal 
generation 
VVI 
* 
Plant 
y 
Setpoint VV? Input 
y Quadrature Encoder 
Figure 4-8 Block diagram of the servo control loop ofCIPDs 
The actuator is controlled to minimise the error between the setpoint and the 
process variable (measured position) fed by the incrementalldecremental 
encoder. The controller samples the measured position of the load (y ), 
compares the setpoint and the measured position (y and y d) and generates a 
new servo control demand (u ) by running the control algorithm. The controller 
then converts the control demand to a three-state control signal, and outputs the 
valve control signals (VQ' Vb), which drive the on-off valves through their signal 
amplifiers. 
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The relationship between the control demand (u) and the positioning error is 
described as Equation (4-2). 
!l.e 
u=K ·e+K -
p d !l.r 
where 
u: control demand 
Kp: proportional gain 
Kd: derivative gain 
e: following error 
L1 r: servo update period 
4.3.3 Generation of three-state control signal 
(4-1) 
Figure 4-9 shows the procedure of generating three-state control signal from an 
analogue control signal. The two valve control signals are generated from the 
interpretation of the three-state control signal. In practice, this procedure can be 
implemented through one of the following method: 
• Programming, 
• Electronic circuit, or 
• Combination of programming and electronic circuit. 
A function block, referred as Interpreting Block, will convert the control 
demand signal (u) to a three-state signal, and outputs cooperated valve control 
signals VA and VB. The input signal of Interpreting Block is a servo control 
demand (u), which is an analogue signal of a closed loop control algorithm 
calculation. Figure 4-10 shows detailed function of this block. 
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Figure 4-9 Procedures of converting analogue signal to valve control signals 
u>u V = I a , Vb =0 
U 
- if -U<u<U, then V =0 Vb = 0 a , 
u<-U V =0 Vb = I 
VB 
a , 
Figure 4-10 The function of the Interpreting Block 
In Figure 4-10, 
u: the servo control demand; 
U: boundary value of servo control demand defined by Region of Acceptable 
Errors (RAE) ; 
Va: control signal of Valve A; 
Vb: control signal of Valve B; 
0: logical signal for "off' state of valve control voltage; 
1: logical signal for "on" state of valve control voltage; 
To convert an analogue control demand signal to a three-state control signal, a 
region, defined as Region of Acceptable Errors (RAE), must be set up. From 
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Equation (4-1), it can be seen that when the load is stopped, then U = K p • e , 
hence the RAE has also indirectly defined a region of acceptable final 
positioning errors. Therefore, the setting of width of RAE also indirectly 
controls the final positioning error. 
U 
-U 
Vb 
Logical I 
u 
---------------.!.---------------------------------i--------
Logical 0 f------rl-------+--------~ 
Logical I 
"01" "00" "10" 
t 
t 
Figure 4-11 Relationship between the servo control demand and the three-state 
control signal. 
When the control command u is within the RAE defined by -U and U, the 
Interpreting Block outputs a "00" state control signal (Va = 0, Vb = 0), any 
control demand made by the analogue control algorithm to further reduce the 
positioning error will be ignored. Figure 4-11 graphically shows the relationship 
between the control demand (u ) and the three-state control signal. 
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4.4 High-Speed Motion Control Strategy of CIPDs 
Modem manufacturing processes are characterised by a high degree of 
automation, with electronics controlling the processing and handling machinery. 
A wide spectrum of manufacturing industries requires more and more 
complicated units for high-speed handling, transportation, assembling, and so 
on. Servo pneumatic drives, with its advantages in terms of speed, simplicity, 
safety, cleanliness, cost-effectiveness, and direct acting, still can be the first 
choice. 
For high-speed point-to-point machinery, fast operating cycle times and good 
positioning accuracy with very small or without overshoot is often a 
prerequisite. This section discusses the factors affecting the positioning ability 
of the CIPDs, the approach employed in the CIPDs for increasing the position 
accuracy, and a control strategy developed for deceleration regulation to reduce 
the settling overshoot. 
4.4.1 Minimum Start-Stop Displacement 
In any actuation system, once the motion is initiated, the actuator will move 
some displacement before it stops. The minimum displacement between start 
and stop is as defined Minimum Start-Stop Displacement (MSSD). That is 
dmssd = ds, - dSi (4-3) 
where 
dmssd: minimum start-stop displacement; 
dst: stop position; 
ds;: initial position. 
The MSSD is a key parameter that indicates the system positioning accuracy. 
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Reducing the MSSD of the system is one of the efficient methods to increase 
the system positioning accuracy. 
Figure 4-12 schematically shows the practical relationship between the valve 
control signal, the response of valve, and the load velocity within a complete 
motion process. It can be seen that there are three factors that significantly 
affect the MSSD (ignore the control loop-updating interval, chamber pressure 
build up time delay, and so on): 
1). The time delay caused by the direction control valve in responding the 
turning off control signal (toff); 
2). The transient velocity during the direction control valve is in "on" state; 
3). The system frictional forces which stop the load motion (stopping stage 
motion). 
Valve Opening Valve closing Stopping stage 
time delay (ton) time delay (toft) motion time 
~i ,\,/, C~:~l ~I-i --+-1------41 *-
1
1"0-' --r-, ---f--+-+----" t , , 
re~;~::e :+l-... -.. -Jt-r:_=. = .. = .. -.---.. -.---~-----~~:~~-...,-I-.---I-i::::----------_." t 
Velocity I I 
, , 
of load I I 
: ' 
t 
Figure 4-12 Relationship between the valve control signal, the valve response 
and the load velocity 
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4.4.2 Approaches for increasing positioning accuracy 
From the discussion in the above section it is known that, to increase 
positioning accuracy of CIPDs, the following approaches can be considered: 
• Using relatively high-bandwidth valves for the direction control, so that 
the time delays (ton and (off) can be kept as small as possible. 
• Using low transient velocity for the load motion around the target position. 
This approach also has the effect of reducing the stopping stage motion 
time because the load dynamic is relatively small. Mathematical analysis 
shows that the amplitude of the transient velocity profile of CIPDs is 
determined by Velocity Gain Kv. The Velocity Gain Kv is largely 
determined by the effective area ratio of exhaust orifice and the piston in 
exhaust chamber, that is (details are presented in Section 6.9), 
where: Kv: CIPD Velocity Gain 
Ae: exhaust orifice area (m2) 
Ab : driving chamber piston area (m2) 
R : gas constant ( J / Kg ) 
K 
Ts : supply gas temperature (K) 
Cd : discharge coefficient 
Co: constant (Co = 0.04 ) 
(4-4) 
In practice, relatively high-bandwidth pneumatic valves are normally more 
expensive than low-bandwidth pneumatic valves. Therefore, using low transient 
velocity for the load motion around the target position is a cost-effective 
approach to increase the positioning accuracy of CIPDs. 
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4.4.3 Acceleration and deceleration control of CIPDs 
The acceleration and deceleration of load make huge contribution to the 
operating cycle times while the dynamics of the load at its target position 
normally also affects the positioning accuracy and amplitude of the overshoot. 
The ideal process for a high-speed point-to-point motion should be that: starting 
with the highest possible acceleration and stopping with a deceleration caused 
by a force which reduces the load dynamic to zero at the target position in the 
shortest time. 
For CIPDs, a high acceleration rate can be easily achieved by applying a large 
size of the exhaust orifice during accelerating motion stage. However, reducing 
the dynamics of the load to zero at its target position as efficient as possible is a 
more difficult task. 
A deceleration control strategy has been developed in this research for the 
control of high-speed CIPDs. The basic theory of the strategy is that using some 
of 2-port on-off valves, referred as Speed Control Valves (SVs), to control the 
effective area of exhaust orifice during the deceleration phase of motion. The 
SV s are parallel in connection, and each SV controls the application of a fixed-
size exhaust orifice. The smallest exhaust orifice provides the lowest load 
motion speed, and higher motion speed can be achieved by opening more SV s 
at some time, which means that a number of fixed-size orifices are applied to 
get a equivalent larger exhaust orifice. Figure 4-13 graphically illustrates the 
deceleration control strategy. It also presents the relationship between velocity 
profile of load, the state of SV s, and the positioning profile. 
Figure 4-14 shows the corresponding hardware setup with four SVs. The 
airflow rate regulator FRo sets up a area of exhaust orifice for the lowest motion 
speed while other airflow rate regulators (FRJ - F~) set up different exhaust 
orifice areas for higher motion speed by opening different number of airflow 
rate regulators. 
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Figure 4-13 Deceleration control strategy of CIPDs 
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Figure 4-14 Pneumatic circuit of high-speed CIPDs with four speed valves 
64 
Chapter 4 Motion control of CIPDs 
During acceleration phase of motion, all SV s are opened so that the load can 
start at the highest acceleration. However, during deceleration phase of motion 
the SVs will be closed one by one according to transient positioning error 
between the measured position and the target position. There is a look up table, 
referred as Speed Valve Control Criteria Table (SVCCT), must be defined in the 
motion controller program. The SVCCT contains a list for the relationship 
between the transient positioning error and the state of the SV s (opne or closed). 
The motion controller compares the positioning error at each sampling time 
with the predefined SVCCT, and generates cooperative control signals to the 
SVs. As the positioning error is getting smaller, all SVs will be closed finally. 
The PD-based three-state control algorithm will be invoked, only after all SV s 
are closed, to generate control signals to the direction control valves. Table 4-1 
shows an example of SVCCT for the deceleration control strategy. The 
positioning errors listed in the table are the program developer definable. 
Table 4-1 An example of user definable Speed Valve Control Criteria Table 
used in the deceleration control strategy 
Positioning error Opened speed control valves 
>30mm SVI. SV2, SV3, SV4 
>20mm SVI, SV2, SV3 
> 10mm SVI, SV2 
>5mm SVI 
One of the features of employing the deceleration control strategy is that the 
number of speed control valves installed in a CIPD at user stage does not affect 
the application program pre-installed in the motion controller. In other words, 
for different application specifications, users are allowed to install different 
numbers of speed control valves and set different exhaust orifice size without 
concerning any changes for the motion controller, e.g. modifying application 
program. 
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Chapter 5 Network Service of Components-
Based Integrated Pneumatic Drives 
5.1 Introduction 
During last two decades, the world of telecommunications has been rapidly 
developed. One of the major paradigm shifts is the rapid expansion of Internet. 
Internet is used now not only for electronic mail, but also as a means of 
instantly exchange a wide range of information around the world. Electronic 
commerce transactions via Internet are also moving toward full-scale 
application. At the same time, the shift toward super high-volume optic-fiber 
trunk line networks is also advancing on a global scale, in order to 
accommodate the rapid increases in data traffic. 
Presently, one of the areas most sensitive to these changes may be the area of 
network service provision, especially among those international firms that 
provide these services through Internet. It has been noted that forward-looking 
companies have attempted to make their distribution channels more flexible and 
adaptive. That is, firms must link manufacturing, services, and distribution 
functions to meet customer needs, and the "winners" will be those firms that 
develop innovative solutions to providing those links that best satisfy their 
customers' needs. Hence, it is not enough to sell just a product; the real impact 
on profitability comes from exploiting downstream opportunities, by providing 
the customers with products such as financing, maintenance, spare parts and 
consumables (Knecht and Leszinski et ai, 1993; Wise and Baumgartner, 1999). 
Nowadays, the majority of manufacturing companies (with industrial 
customers) not only deliver a tangible product, but also serve a network service 
market. 
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5.2 Connectivity of Components-based Integrated Pneumatic 
Drives Network with Business networks 
Business networks and device control networks are very different. Control and 
monitoring applications have many requirements that differ greatly from those 
of business applications. There are also some common requirements between 
control and business applications, for example security, reliability, and flexible 
wide-area. Device network developers can take advantage of these capabilities 
by properly interconnecting the device network with business network 
components. 
The manufacturer of a product also should, in taking extended producer 
responsibility, have data available on all stages of the product life cycle. This 
calls for an integrated information system, with databases and management 
tools under the control of the manufacturer but open to access by other parties 
such as those involved in supply of components, the maintenance and the 
recycling of the product. The rapidly changing nature of information 
technologies means that network services systems must be robust and flexible, 
if well designed they can exploit emerging technologies to bring the 
manufacture, component supplier, user and recycler together as a unit. 
Furthermore, future consumer products will potentially require systems that 
record data to monitor environmental parameters such as time, temperature, 
shock or vibration. This environmental data can be combined with static 
information (e.g. composition of product's materials) and possibly the service 
life of valuable components. The choice of data not only have potential impact 
in environmental issues regarding to recycling and reuse, it could avoid 
expensive product diagnostics in repair orland maintenance activities. The data 
must be communicated to the relevant stakeholder for action; all actors in the 
supply chain must share data. 
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The CIPDs control network has been designed to support the connectivity with 
Internet. The CIPDs control network is connected to Internet through a gateway 
device. Figure 5-1 shows the proposed architecture of CIPDs control network 
connected with Internet. 
[ CIPD1 l- f '\ Components 
manufacturer 
l network services CIPD2 ~ ~ I ..... r--------..., 0 I Customer I ~ - I information I · E I I · s= I database I 
- E I I Environmental ~ ---------~ " ./ Sensor_ I -0 
U 
Environmental r I Sensor_ 2 Components 
· ~ I ..... distributor ~ network services 
· 
Q) 
· ~ · 
Other c.:; 
Device I 
, ..... Other service 
, ..... providers 
Other . 
Device_2 , ..... . 
· 
· 
· 
· 
Figure 5-1 Proposed architecture of CIPDs network services. 
5.3 Composition of Gateway device 
Figure 5-2 illustrates the proposed composition of the gateway device. This 
device provides all necessary mechanisms for the control network design 
including the 110 function database and gateway device image for the 
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design in the virtual environment. Meanwhile, this device also has mechanisms 
for the Internet self-configuration and auto-registration processes. Through 
these processes, not only the gateway device gets an Internet IP address, but 
also automatically adds the content of the Control System Information Database 
into Customer Information Database, which is accessible by other service 
providers. 
--- ,------, 
,---:--. -I 1 1 
I DeVIce Image 1 1 Control 1 
1 I 1 1 ---=j~~--- I System 1 
I I Information 1 
... J T 1 
-----.....::---, Database 1 1 1 1 1 
1 VO function 1 1 1 
: database 1 : : 
I ___ ,;-.::-;:- __ J .... --'i~---
I I I 1 
... 1 T - L .... I-------~------------~-----, 
: Physical components (hardware/software) : 
.... _____________ ~------------J 
'1 ,.. 
-<. I,... ~--------~--------, 
: Business network 1 
1 Self-configuration Database : 
1 1 ~------------------
Figure 5-2 Composition of gateway device 
5.4 An example of Gateway Device 
An example of gateway device has been developed for this research. The main 
purpose of the example gateway device is establishing communication path 
between the LON control network and Internet business network. 
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Figure 5-3 Types of messages between control network and business network 
As illustrated in Figure 5-3, the messages between the two networks can be 
largely classified into three types: Control network Gateway Service Messages 
(CGSMs), Business network Gateway Service Messages (BGSMs), and By-pass 
Service Messages (BSMs). The CGSMs are the messages that are transmitted 
between the gateway device and other nodes within the control network for 
updating the Control System Information Database in the gateway device; The 
BGSMs are the messages that transmitted between the gateway device and the 
service providers over Internet for providing control system information to 
service providers. These messages also include the information from service 
provider, for example, service history record update message. The BSMs are the 
messages for the communication between the business service providers and the 
individual node within the control system. The gateway device only translates 
the messages for communication over two different networks. 
Through this communication strategy, not only the service providers are able to 
acquire the information regarding to the control system and individual 
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node in the control system, but also able to test the individual node as well. 
5.4.1 Gateway device Internet self-configuration and auto-registration 
processes 
When the gateway device is powered up, the first process the gateway device 
carried out is Internet self-configuration. This is achieved using the Dynamic 
Host Configuration Protocol (DHCP). The DHCP is an Internet protocol for 
automating the configuration of computers that use TCP/IP. DHCP can be used 
to automatically assign IP addresses, to deliver TCP/IP stack configuration 
parameters such as the subnet mask and default router. When the DHCP process 
is completed successfully, the gateway device is able to communicate with its 
manufacturer and other service provider via Internet. 
The next process carried out by the gateway device is auto-registration. Firstly 
the gateway device set up a connection with its manufacturer. The TCP/IP 
information about its manufacturer, such as IP address, listening port number, 
are held in the Self-configuration Database within the gateway device. When 
the connection is established, the gateway device sends out the TCP/IP 
information of itself to the Customer Information Database held by the 
manufacturer. Sequentially the manufacturer and other service providers can 
communicate with the gateway device. 
5.4.2 Hardware composition of the example gateway device 
The gateway device implemented in this research consists of a TPIFT-IO 
Control Module, an 8052 architecture microcontroller (AT89C52ED2), a 
WIZnet IIM7010A network module, and other electronic components. Figure 
5-4 is a block diagram of the gateway device employed in this research. 
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Figure 5-4 Block diagram of Gateway device used in the research 
The IIM7010A is a network module that includes a W3100A, Ethernet PHY 
(RTL8201BL). MAG-JACK (RJ45 with X'FMR) with other glue logics. The 
W3100 is an LSI of hardware protocol stack that provides an easy, low-cost 
solution for high-speed Internet connectivity for digital devices by allowing 
simple installation of TCPIIP stack in the hardware. The W3100 contains 
TCPIIP Protocol Stacks such as TCP, UDP, IP, ARP and ICMP protocols, as 
well as Ethernet protocols such as Data Link Control and MAC protocol. 
Therefore, the IIM70 1 OA is an ideal option for users who want to develop their 
Internet enabling systems rapidly. 
The TPIFT -10 Control Module is responsible for interfacing the gateway device 
with the control network, and parsing out (or packing up) the information that 
transmitted over the control network messages. 
The A T89C51 ED2 microcontroller is responsible for control of the IIM70 1 OA 
Ethernet module including setting up the related control registers of the W31 00 
chip. Before a message sending out, for example, the microcontroller sets up the 
destination IP address, destination port number, and transfer the data for the 
message into Send Data Buffer of IIM701OA. When a message is received, the 
microcontroller read out the date held in the Received Data Buffer of 
IIM70 lOA, the IP address and port number of the sender. The 
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microcontroller is also responsible for the communication between the TPIFT-
10 Control Module and the I1M70 1 OA module, and management of the Control 
System Information Database. 
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Chapter 6 Mathematical Analysis of the 
Pneumatic System of Components-based 
Integrated Pneumatic Drives 
6.1 Introduction 
Mathematical analyses play an important role in modem control system 
engineering. Mathematical analyses are the understanding of how the process 
operates. With the analyses in hand, designer can proceed to use the analyses to 
predict the impact of various design choices. The major objectives of 
mathematical analyses of control systems are producing the desired transient 
response, reducing steady-state error, achieving stability, and some other design 
concerns, such as cost and the sensitivity of the system performance to changes 
in parameters. Through the analysis of existing transient response, for example, 
we could know the effect of system parameters adjustment on yielding a desired 
transient response. 
This chapter presents the mathematical analyses of the CIPDs. The analyses 
start from system modelling which is developed in both frequency domain and 
time main. The effect of system parameters on the transient response, the 
system steady-state error, and system stability are discussed according to the 
system modelling. The analyses also include the estimation of load steady speed 
and hardware selection considerations. 
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6.2 Basic Assumptions 
To perform rational mathematical analyses, a number of basic assumptions are 
made about the valve, actuator, and system operating conditions as follows: 
• Supply pressure Ps and supply temperature Ts are constants. 
• Heat transfer between working gas (air was used in this research) and its 
environment is negligible. Temperature of the gas flowing between the 
valve and the actuator is at all times equal to supply temperature, Ts. That 
means that the inherent effect of temperature variation on system 
dynamics is considered to be negligible when compared with the effect of 
changes of various other state variables. 
• The working fluid is assumed to be an ideal gas so that the general gas 
laws can be applied. 
• Each port of the control valves is assumed to act like a standard orifice, so 
that standard orifice theory can be applied. 
• The leakage between the valve and the actuator, and among other sources 
is neglected. (In practical situations internal or external leakage in the 
system should be minimized or avoided). 
• Control valve constants Cd and Co do not vary with valve opening. 
• Steady state motion of the drive is attainable, e.g. a constant terminal 
velocity can be reached. 
• When a steady state motion occurs, it is assumed that negligible variation 
occurs in actuator chamber pressures. 
• Other additional assumptions stated locally in each section. 
6.3 Basic governing equations and their linearization 
The analysis of pneumatic system usually requires individual mathematical 
descriptions of the three component dynamics, namely: (1) the flow 
relationships of the control valves; (2) the dynamic flow relationships within the 
actuator control chambers; and (3) the load dynamics. They are individually 
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presented as follows. 
6.3.1 The flow relationships of the control valves 
The diagram of a linear pneumatic actuator is depicted in Figure 6-1, in which 
the flow paths are shown. According to the standard orifice theory, the mass 
flow rate across the two control ports of the control valve can be regarded as a 
function of the valve spool displacement and the chamber pressures, which can 
be expressed as Equations (6-1), (6-2), and (6-3). 
On-off 
valve A 
. y 
1· .. ----=------;:::::+---. 
1 
1 y-
On-off 
_. _. - Vola = Logical 0 Volh = Logical 1 _. _. _. valve B 
Figure 6-1 Schematic diagram of the system when the Chamber B is driving 
chamber 
where 
Vola = Logica/O 
Vola = Logica/l 
Volb = Logica/O 
Volb = Logica/1 
(6-1) 
(6-2) 
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with 
For air: 
r =1.4, 
Cd = 0.82, 
1, 
I C [p 21r _ p (r+I)lr li 
k r r 1', 
r+1 
C
k 
= ~(r+l)r-I =3.864, 
r -1 2 
r 
( 2 )r-I Cr = - =0.528 r+l 
r C - -004 
o - R{{r + 1)/2 t+I)/(r-l) - • 
Where 
Cr < Pr < 1 
a, b: subscripts for Chamber A and Chamber B respectively 
A XOa,b : exhaust orifice area of Chamber A and Chamber B (m2) 
Cd : orifice-discharge coefficient 
m : mass of gas (g) 
rna b: air flow rate of Chamber A and Chamber B (gls) 
Pd: down stream pressure (bar) 
P u : up stream pressure (bar) 
r: ratio of specific heats 
R : universal gas constant ( J / Kg ) 
K 
Ts: gas supply temperature (K) 
(6-3) 
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Vol
a
•b : logical on-off valve control signal (Logical 0 is the voltage for "off' 
state, Logical 1 is the voltage for "on" state) 
w : port width (m) 
X: spool displacement of on-off valve (m) 
Y: load velocity (m/s) 
For CIDPs, the motion control of the load is achieved by releasing the 
compressed air to atmosphere; hence the condition that Palm ~P r~ Cr in Pu 
Equation 6-3 is always true. Therefore, if the Chamber B is the driving 
chamber, the Equation (6-2) becomes: 
(6-4) 
According to the relationship between on-off valve state and control signal 
voltage, the following equation exist because that the exhaust air is controlled 
by the state of the control valve ("on" state or "off' state): 
Axo = 
where: 
{
CovVOI. 
0, 
1>0 
I~O 
c ov : exhaust orifice area/control signal voltage coefficient 
Vol: valve control signal voltage (V) 
(6-5) 
Substitute Equation (6-5) into Equation (6-4), the following equation can be 
obtained supposing the Chamber B is the driving chamber: 
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(6-6) 
6.3.2 Dynamic flow relationship within the actuator chambers 
When the changes in each chamber occur adiabatically (e.g. the rate of heat 
exchange through the system boundary is negligible), the relationship between 
the flow rates and the change of both pressure and volume in the actuator 
chambers have the following forms (Shearer, 1956; Zhang, 1999). 
where 
Aa.b: piston area of Chamber A and B (m2) 
I : length of stroke (m) 
m a b : air flow rate of Chamber A and Chamber B (gls) 
Pa.b: chamber pressure of Chamber A and B (bar) 
r : ratio of specific heats 
R: universal gas constant (J / Kg) 
K 
Ts: supply temperature 
Va,b : volume of Chamber A and B (m3) 
Y: load position (m) 
Y: load velocity (m/s) 
(6-7) 
(6-8) 
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When only small perturbations from some initial equilibrium points are 
considered. Equations (6-7) and (6-8) can be written in linearized form as: 
(6-9) 
(6-10) 
6.3.3 Piston and payload dynamics 
The piston and payload (slider mass) dynamics are modelled by using Newton's 
second law; i.e. the total applied force on the piston is equal to the inertia force 
of the sliding body plus the frictional force. 
The total applied force is equivalent to the chambers' differential pressure times 
the cross sectional area of the pneumatic cylinder. The frictional force is 
perhaps the most important nonlinearity that is found on any mechanical system 
with moving parts. For pneumatic system, the friction mainly arises in the 
contacts of the piston with the cylinder walls as well as in the linear slide-way 
and other minor rubbing elements. It is commonly described as linear viscous 
damping, Coulomb friction and stiction or some combination of them and they 
are represented by a discontinuity at zero velocity, therefore, attempts are made 
to linearize significant Coulomb friction or stiction may lead to erroneous 
predictions of a system's behaviour (Zhang, 1999). 
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Friction Friction Friction 
F statie Fe 
Velocity Velocity 
+ov 
(a) (b) (c) 
Figure 6-2 Friction model: (a) nonlinear Coulomb friction and stiction; (b) 
linear viscous friction; (c) combination friction model 
By using a linear viscous damping, Coulonb friction and stiction combination 
friction model (refer to Figure 6-2), Equation (6-11) described the dynamic 
behaviour of the system: 
(6-11) 
(6-12) 
where 
. d· ffi· (Ns VISCOUS ampmg coe IClent -) 
m 
frictional force (N) 
Fstat;c : static friction (N) 
Y load velocity (mls) 
Y load acceleration (m2/s) 
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When only small perturbations from some initial equilibrium points are 
considered. Equation (6-11) can be linearized as: 
(6-13) 
6.4 Modelling of open-loop system 
As discussed in Section 4.3.1, there are three motion states in a complete motion 
process. The three motion states are: moving state of motion, stopping state of 
motion, and stand by state of motion. For the system modelling purpose, the 
movmg state and the stopping state have different initial conditions. The 
moving state motion is a motion with zero initial conditions; hence both 
modelling in frequency domain and in time domain will be carried out in the 
next sections. However, the stopping state motion is a motion with nonzero 
initial conditions. For example, the initial position and initial velocity are those 
remained by the moving state of motion. Therefore, the system modelling for 
the stopping state will be carried out in the time domain in the next sections. 
6.4.1 The open-loop transfer function of moving state of motion 
In control theory, transfer functions are commonly used to characterize the 
input-output relationships of components of system. The applicability of the 
concept of the transfer function is limited to linear, time-invariant systems. A 
control system designer can often make a linear approximation to a nonlinear 
system. Linearization technique is applicable to many nonlinear systems. The 
process of linearizing nonlinear systems is important, for by linearizing 
nonlinear equations, it is possible to apply numerous linear analysis methods 
that will produce information on the behaviour of nonlinear systems. 
Pneumatic drives are considered to be highly nonlinear. With an increasing of 
the nonlinearity or when the operating point gets further away from the 
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linearization point, the deviation between the linear model's behaviour and the 
system's behaviour increases significantly and these deviations may invalidate 
the linearization approach. However, linearization analysis of pneumatic 
systems are still used by many researchers because the linearization analysis is 
effective in investigating the stability of control system and valid for dynamic 
characteristics analysis near the operating point. 
Assume that Chamber B is drive chamber (refer to Figure 6-1). According to the 
structure of the system and initial conditions (rnai = rnhi = 0, P ai = Phi = ~ , 
y, = 0 ), it is known that: 
(6-14) 
(6-15) 
where Cps is the pressure of compressed air supply that is a constant. 
Substitute Equation (6-15) into Equation (6-13), then the following equation can 
be obtained: 
(6-16) 
By Laplace Transformation, Equation (6-6) becomes 
(6-17) 
By Laplace Transformation, Equation (6-10) becomes 
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(6-18) 
Combining the Equations (6-17) and (6-18), gives 
CCCP AP V 
_ 0. d 0 s Volb(s) = __ b _s sY(S)+_bl_SPb(S) 
.JT: RTs rRTs (6-19) 
which can be rewritten as 
(6-20) 
By Laplace Transformation, Equation (6-16) becomes 
(6-21) 
Substitute Equation (6-20) into Equation (6-21), the open-loop transfer function 
is obtained as the following: 
sY(S) bo 
Volb(s) - S2 +2;mns+mn2 
with 
Cf 2J"m =-~'n M 
(6-22) 
(6-23) 
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b = rRTsCovCdCoAbPs = rRTsCovCdCoPs 
o MVbi jf; MY; jf; 
where 
, : damping ratio 
())n: natural frequency 
a, b : subscripts for Chamber A and Chamber B respectively 
M: 
r : 
R: 
orifice-discharge coefficient 
mass of gas (g) 
ratio of specific heats 
universal gas constant ( J / Kg ) 
K 
gas supply temperature (K) 
(6-24) 
(6-25) 
Volb: logical on-off valve control signal (Logical 0 is the voltage for "off" 
state, Logical 1 is the voltage for "on" state) 
1'; : initial position (m) 
Based on the linearized model derived above, it is seen that a pneumatic drives 
with the structure shown in Figure 6-1 can be modelled as a second-order 
system for velocity regulation. 
6.4.2 The state-space representation of moving state of motion 
Assume that chamber B is the drive chamber (refer to Figure 6-1), according to 
the piston control method and Equations (6-6) and (6-8), the following 
equations can be derived: 
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P =P =0 a ., (6-26) 
(6-27) 
Let XI = Y,X2 = Y,X3 = Pb , from Equations (6-11), (6-12), and (6-27), the 
dynamics of the cylinder described in state-space presentation are as follows: 
(6-28) 
(6-29) 
(6-30) 
6.4.3 State-space presentation of the stopping state of motion 
For stopping state motion, the system initial conditions are not all zeros 
(Le. Y * 0), the initial velocity, for example, is the velocity remained by moving 
state. Therefore, the dynamics of the cylinder at stopping state motion is only 
described in the time domain. 
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Figure 6-3 Schematic diagram of the system at stopping state of motion 
According to Equations (6-2), (6-7) and (6-8), when the control valve (Valve B) 
is turned from the "On" state to the "Off' state, the following equations can be 
obtained (Chamber B is driving chamber): 
P =P =0 a s (6-31) 
(6-32) 
Let XI = Y'X2 = y,X3 = Pb , from Equations (6-11), (6-12), (6-32), the state-
space presentation of the piston (load) at stopping state motion are as follows: 
(6-33) 
(6-34) 
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(6-35) 
6.4.4 State-space presentation of a complete motion process 
From Figure 4-5 it can be seen that a complete motion process consists of a 
moving state of motion and a stopping state of motion. Therefore, state-space 
presentation of a complete motion process can be obtained using Equations (6-
28), (6-29), (6-30), (6-33), (6-34), and (6-35), as follows: 
(6-36) 
(6-37) 
When valve is open 
(6-38) 
When valve is closed 
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6.5 The system transient-response specifications 
Frequently, the performance characteristics of a control system are specified on 
terms of the transient response to a unit-step input since it is easy to generate 
and is sufficiently drastic. The transient response of a system to a unit-step input 
depends on the initial conditions. For convenience in comparing transient 
responses of various systems, it is a common practice to use the standard initial 
condition that the system is at rest initially with output and all time derivatives 
thereof zero. Then the response characteristics can be easily compared. 
The damping ratio' and natural frequency ron of control systems are two 
important specifications associated with second-order systems. Other common 
specifications associated with the system response are Percent overshoot, %OS; 
Peak time, T p; Settling time, Ts; and Rise time, Tr. 
From Equations (6-23) and (6-24), the following two equations can be derived: 
(6-39) 
(6-40) 
From Equations (6-39) and (6-40) it can be seen that the damping ratio' and 
natural frequency (J)n changes with geometric parameters, load's mass and initial 
position, and air supply pressure. 
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6.6 Stability analysis of open-loop controlled integrated 
pneumatic drives 
Stability is the most important specification for a system. If a system is unstable, 
transient response is moot points. A simple criterion, known as Routh-Hurwitz 
Criterion, is applied to analyse the stability of the CIPDs. 
As discussed in Section 4.3, the input signal of the system is a three-states 
control signal. During the control of the state "10" or "01 ", the system is in 
moving state of motion, thus the stability analysis of the system can be curried 
out by using the system transfer function of the moving state of motion. During 
the control of the state "00", the system can be either on stopping state of 
motion or in steady state. Thus, the stability of the system at this state is 
specified by the stopping state of motion. In this section, the stability analysis 
of the system is separated into two parts. The first part is stability analysis of 
open-loop system, while second part is stability analysis of closed-loop system. 
6.6.1 Stability analysis of open-loop system at the moving state of motion 
According to the system transfer function presented in Equation (6-22) to 
Equation (6-25), a Routh table can be generated as one shown in Table 6-1. 
Table 6-1 The Routh table of the system at moving state of motion 
rAbPs 
S2 1 MY; 
cf 
SI M 0 
rAbP. 
SO MY; 0 
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From Table 6-1 it can be seen that there is no sign changes in the first column. 
According to the Routh-Hurwitz Criterion it is known that there are no roots of 
the polynomial in the right half-plane. Therefore, the open-loop system at 
moving state of motion is a stable system for velocity regulation. According to 
Equation (6-22), it also can be seen that the open-loop system has a pole which 
is zero, hence the open-loop system at moving state of motion is unstable for 
positioning regulation. 
6.6.2 Stability analysis of the stopping state of motion 
To simplifY the simulation process, one more assumption here is made that 
when the valve control signal is turned from logical 1 to logical 0 (that means 
the driving chamber is directly connected to the air supply P s), the pressure in 
driving chamber can immediately increases to the value of air supply pressure 
P s, in other words, during stopping stage of motion Pa = Pb = 0 . 
Under the assumptions, and according to Equations (6-33), (6-34), and (6-35), 
the state-space presentation of the stopping state of motion can be re-written as 
Equations (6-41) and (6-42): 
(6-41) 
y=CX+Du=[1 o]x (6-42) 
Since a system poles and the eigenvalues of a system are the same, the stability 
requirement of a system represented in state-space dictates that the eigenvalues 
cannot be in the right half of the s-plane nor be multiple on the jm -axis. We 
can obtain the eigenvalues from the state-space presentation equations; Equation 
(6-43) yields the eigenvalues of a system directly. 
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det (sI - A) = 0 (6-43) 
From Equation (6-41), it is known that: 
[s 0] [0 1] [S -1] C (c ) (sI-A)= - cf = cf =S2+...!....S=S s+...!.... =0 o s 0 -- 0 S+- M M M M (6-44) 
it can be seen that the system at stopping state of motion has two poles: 0 and 
- C f , hence, the system at stopping state of motion is stable for velocity 
M 
regulation, and is unstable for position regulation. 
6.7 Stability analysis of PD-based three-state closed-loop 
controlled integrated pneumatic drives 
The CIPOs employ a three-state control algorithm that is based on a PD control 
analogue control algorithm. As discussed in the Section 4.3.3, and shown in 
Figure 4-11, the PO-based three-state control strategy converts an analogue 
control signal to a three-state control signal which controls the control valves. 
The result of the conversion is a control signal either for moving state motion of 
a direction ("01" or "10"), or for stopping state and stand by state of motion 
("00"). 
Setpoint YsP+~ PD-based 
Input algorithm 
-
Three-state 
conversion 
--* t---+ 
Plant 
Figure 6-4 Simplified block diagram ofCIPD's servo control loop 
y 
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Figure 6-4 shows a simplified block diagram of servo control loop within a 
CIPD. It is seen that a closed-loop controlled CIPD is a nonlinear system that 
has a dead zone. 
Lyapunov's direct method is a useful and general approach for studying the 
stability of nonlinear control systems. The basic philosophy of Lyapunov's 
direct method is the mathematical extension of a fundamental physical 
observation: if the total energy of a mechanical system is continuously 
dissipated, then the system, whether linear or nonlinear, must eventually settle 
down to an equilibrium point (J. E. Slotine and W. Li, 1991). The total 
mechanical energy of a system is the sum of its kinetic energy and its potential 
energy. The kinetic energy exists whenever an object which has mass is in 
motion with some velocity. The potential energy exists whenever an object 
which has mass has a position within a force field. 
6.7.1 Energy variation within a complete motion process 
t 
t 
10 
Figure 6-5 The relationship between valve control signal and the load velocity 
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Figure 6-5 schematically illustrates the relationship between valve control signal 
and the load velocity. A load positioning control action consists of one or more 
completed motion processes. Each completed motion process includes a moving 
state of motion (e.g. from 1/ to (2) and a subsequent stopping state of motion 
(e.g. from 12 to (3). 
During moving state of motion, the load is continuously receiving energy, due 
to the continuously discharge of compressed air from the driving chamber. 
However, when the motion process turned to stopping state of motion, the 
driving chamber is recharged to the compressed air supply pressure, and the 
energy of the load is continuously dissipated by the system fractional force. 
Hence, the energy of load after a complete motion process is: 
where 
E : total load energy of CIPD 
EMK : kinetic energy received during moving state of motion 
E.'IK : kinetic energy dissipated during stopping state of motion 
E p : potential energy. 
6.7.1.1 The kinetic energy during moving state of motion 
(6-45) 
According to the relationship between the valve control signal and the load 
velocity illustrated in Figure 6-5, the kinetic energy the load obtained during 
moving state of motion is: 
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~ ~ ~ 1 ~d 
E = JF. dx = m Jd - . ~dt = - m J-(~2 )dt 
UK dt 2 dt 
where 
'011'011 '011 
1 . 2 • 2 
= - m[X(toff) - X(ton) ] 
2 
F : force across piston (N) 
EUK : kinetic energy obtained during moving state of motion (J) 
m : total load mass (Kg) 
ton: time of opening control valve for a moving state of motion 
IOff: time of closing control valve for stopping state of motion 
X: load displacement (m) 
~: load velocity (mls) 
(6-46) 
From Equation (6-46), is it known that the growth of kinetic energy during the 
motion state is dependent to the motion velocity at the time of the control valve 
turning "on" and turning "off", respectively. When assuming that the CIPD is a 
second-order system as described by Equation (6-22), it is known that there 
exists a maximum kinetic energy (EMK max) that can be obtained during the 
moving state of motion, due to the velocity property of a second order system 
that has a maximum value. 
6.7.1.2 The maximum dissipation of load kinetic energy during the stopping 
state of motion 
The maximum dissipation of the load kinetic energy during stopping state of 
motion can be described as the following: 
'.. 'Oft '011 
ESKmax = JFdx = JF~dt = JmXXdt (6-47) 
'oJ! 
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where 
ESKmax : maximum kinetic energy dissipation during stopping state of motion (1) 
F : force difference across the piston (N) 
X: load velocity (mls) 
X: load acceleration (m2/s) 
1011: time of opening control valve after stopping state of motion 
IOff: time of closing control valve after moving state of motion 
According to the state-space presentation in Equation (6-35), the Equation (6-
47) can be written as Equation (6-48), assuming that when stopping state of 
motion started, the driving chamber pressure is re-charged to the supply 
pressure (Ps) immediately. 
I .. 
ESKmax = J(F,sign(X) + c ,X)Xdl 
loJ! (6-48) 
,0It tOff 
= F, JXdl + c, JX 2dl 
'.
1 
'.
8 
It can be seen that the maximum kinetic energy dissipation during the stopping 
state of motion is dependent to the period of the control valve staying at the 
"closed" state (ton - t off ). 
6.7.1.3 Potential energy 
An object can store energy as the result of its position within a force field. For 
most application, CIPDs are only associated with gravitational potential energy. 
Gravitational potential energy is the energy stored in an object as the result of 
its vertical position. 
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m 
mg 
m 
Figure 6-6 Illustration of potential energy of CIPD 
According to Figure 6-6, the potential energy for a CIPD's load can be 
described as the following: 
E = mgh = mgl cosO p 
where 
E p : potential energy (J) 
I : distance of piston to the end of cylinder (m) 
0: angle of the cylinder to its vertical position 
m : total mass ofload (including rod mass) (Kg) 
g : gravitation acceleration 
(6-49) 
Theoretically, when a CIPD is horizontally installed, the potential energy does 
not make contribution to the system. In practice, when gravity of load cannot 
overcome the static friction of system, that is mg ~ Fs cos 0 , then the potential 
energy can be ignored. 
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6.7.2 Stability analysis and Simulink verification 
From above discussion, the variation of kinetic energy is dependent to the 
periods of control valves staying at "on" state and "off' state. According to PD 
analogue control algorithm and the three-state control signal generation theory, 
it can be seen that after a CIPD is physically setup, there are factors that 
significantly affect the output state of the three-state control signal. These two 
factors are: 
• The gains of proportion and derivative action of PD control algorithm; 
• The Region of Acceptable Error (RAE). 
6.7.2.1 Simulink model composition of closed-loop control system 
To verify the stability analysis result presented in the next subsections, Simulink 
simulations have been conducted. 
D,rIvlliY,1 Soop,2 
Figure 6-7 Composition of closed-loop control system Simulink model 
Figure 6-7 shows the composition of closed-loop control system Simulink 
model which involved two S-Functions written in C language. The first S-
Function is ThreeState which convert the PO control algorithm result to a three-
state control signal. The second S-Function is Actuator which simulate the 
performance of a pneumatic cylinder using the mathematical models obtained in 
Section 6.4.4. A time delay block has been inserted between the two S-
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Functions tow simulate the control valves time delay. 
6. 7.2.2 Stability analysis 
The analysis stability analysis can be carried out according to the following 
different situations: 
1). When EMK - E SKmax ~ 0, and Ep = 0 or can be ignored: 
This means that the motion controller will generates a long period for "00" 
control signal due to low PD gains and a large RAE. Meanwhile, the 
energy of load can be dissipated during the first stopping state of motion. 
Therefore, the system is a Lyapunov stable system. Under this situation, 
the load can be moved to the target with an acceptable error by opening 
the corresponding control valve only once. Figure 6-8 and Figure 6-9 
illustrate the simulation results of velocity profile and positioning profile, 
respectively, when the closed-loop control CIPD is a stable system. 
0.' 
0.5 
0 .• 
O.t 
o O.t 0.. 0.3 0.. 0.11 0.75 0.81 I.. 1.35 1.55 t75 t85 2 .• 2.35 2." 2.7 2.' 3.t U 3.5 3.7 3.t 
n .. ~c) 
Figure 6-8 Simulation result: velocity profile when the closed-loop control 
CIPD is a stable system 
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Figure 6-9 Simulation result: Positioning profile when the closed-loop control 
CIPD is a stable system 
2). When EMK - EsKmax > 0 in first complete motion process, 
d(EMK - ESKmax ) < 0 in subsequent motion processes, and Ep = 0 or can be 
dt 
ignored: 
This means that, due to relative high PD gains or relative small RAE, the 
motion controller generates a "00" with a period which is too sort to 
dissipate the load energy in first stopping state of motion, and a 
positioning overshoot occurred. Hence the controller will generate a 
control signal for moving state of motion to opposite direction. The motion 
controller will repeat the generation of opposite direction of motion if 
overshoot occurred again. However, the load energy can be dissipated 
eventually after a number of stopping state of motion between the opposite 
direction of motion. Therefore, under this situation the system is a 
Lyapunov asymptotically stable system. Figure 6-10 and Figure 6-11 
illustrate the simulation results of velocity profile and positioning profile, 
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respectively, when the closed-loop control CIPD is an asymptotically 
stable system. 
08 
05 
01 
~2L---------------------------------------------~ 
llrra(lec) 
Figure 6-10 Simulation result: velocity profile when the closed-loop control 
CIPD is an asymptotically stable system 
\I ~----------------------------------------------~ 
l4 
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n ...... ) 
Figure 6-11 Simulation result: positioning profile when the closed-loop 
control CIPD is an asymptotically stable system 
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3). When EMK - E SKmax > 0 in first complete motion process, 
d(EMK - EsKmax ) ~ 0 in subsequent motion processes, or when Ep * 0: 
dl 
This means that, due to high PD gains and a small RAE, the motion 
controller generates a "00" with a period which is too sort to dissipate the 
load energy in stopping state of motion between repeated opposite 
direction of motion, and positioning overshoot always occurred. Hence the 
controller will repeatedly generate a control signal of for an opposite 
direction motion. However, due to the existence of E MKmax and E SKmax , 
the term d(EMK - ESKmax ) will be zero after a time. Hence, the load will 
dt 
be oscillating around the target position with bounded positioning 
overshoot. Figure 6-12 and Figure 6-13 illustrate the simulation results of 
velocity profile and positioning profile, respectively, when the closed-loop 
control CIPD is an unstable system. 
oer-------------------------------------------~ 
0.5 
Figure 6-12 Simulation result: velocity profile when the closed-loop control 
CIPD is an unstable system 
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~-------------------------------------------~ 
Figure 6-13 Simulation result: positioning profile when the closed-loop control 
CIPD is an unstable system 
6.8 Determination of the non-driving chamber pressure 
According to the motion control strategy of CIPDs described in Section 4.2, the 
driving pressure should be close to the supply pressure as mach as possible. If 
subsonic flow occurs at the entry port, then Equation (6-50) can be applied for 
estimating the steady state pressure of the driving chamber (Pu and Weston, 
1990) assuming that Chamber B is driving chamber. 
]
kl(K-I) 
2 
[ (1 + 41 N.' J + 1 Pa = P, 12 
with 
(6-50) 
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(6-51) 
where 
2 (k + 1)(k+I)/(k-l) 
C.: Constant C. = -- -- = 3.864 
k-l 2 
To simplify the analysis, assume that the effect area of piston is equal, and then 
Equation (6-51) becomes: 
(6-52) 
According to the Equations (6-50), (6-51) and (6-52), to achieve the condition 
that the non-driving chamber pressure (Po) close to the supply pressure (Ps) as 
much as possible, Na should approach infinitely large. That means the area of 
entry port ( W 0 X 0 ) should infinitely larger than the area of exhaust port ( W b X b ). 
Figure 6-14 shows the relationship between the ratio of inlet-outlet port area and 
the ratio of chamber pressure-supply pressure. It can be seen that when the inlet 
orifice is four times larger than the outlet orifice, the pressure of driving 
chamber reaches 99.9% of supply pressure. This means that all of orifices of 
pneumatic equipment / parts in air supply line should be four times or more 
larger than the orifice of air-flow rate regulator at outlet port (e.g. FRs). 
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Figure 6-14 The relationship between ratio of chamber pressure-supply 
pressures and ratio of inlet-outlet orifice area 
6.9 Effect of the exhaust orifice size on load velocity response 
The mathematical analysis in Section 6.4.1 shows that the pneumatic 
manipulating system of CIPDs can be simulated as a second order system for 
velocity regulation. The transfer function described in Equation (6-22) can be 
re-written as: 
(6-53) 
with 
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21"aJ =....L ~'" M 
where 
All 
A .. : 
M: 
r : 
R: 
1'.. : 
piston area of Chamber B 
exhaust orifice area 
orifice-discharge coefficient 
mass of gas (g) 
ratio of specific heats 
universal gas constant (J / Kg) 
K 
gas supply temperature (K) 
Chapter 6 Mathematic analysis 
(6-54) 
(6-55) 
(6-56) 
(6-57) 
Vol,,: logical on-off valve control signal (Logical 0 is the voltage for "off' 
state, Logical 1 is the voltage for "on" state) 
Y, : initial position (m) 
If use logic "1" to present the valve control signal voltage Voh, then the value 
of Cov equals to the area of the exhaust orifice Ae. Hence, 
(6-58) 
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From Equation (6-56) it can be seen that, the amplitude of velocity profile of the 
CIPDs is determined by Kv. which is defined as Velocity Gain in this research. 
The Velocity Gain Kv is largely determined by the effective area ratio of exhaust 
orifice and the piston in exhaust chamber. 
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Chapter 7 Experimental System Setup 
7.1 Introduction 
Three experimental systems have been constructed during the research for 
different experimental study purposes. The first experimental system, referred 
as ES-I, is the experimental study system for verifying mathematical modelling 
of the CIPDs; The second experimental study system, referred as ES-II, has 
been employed for evaluation of high-speed motion control of the CIPDs; The 
third experimental study system, referred as ES-III, has been employed for 
demonstration of distributed control system employing two CIPDs. This chapter 
presents details of the three experimental study systems setup. 
7.2 Setup of ES·I (Mathematical Analysis Verification System) 
7.2.1 Structure ofthe ES-I 
For convenience of verifying mathematical analysis of the CIPDs presented in 
Chapter 6, a conventional symmetric pneumatic cylinder has been employed to 
set up this experimental system. The cylinder was chosen because of its 
hardware properties, such as static friction, viscous damping coefficient, and 
weight of the rod, could generate an identifiable velocity profile within the 
motion region of the cylinder. Also the equivalent piston areas make the 
mathematical analysis verification easier. The details of some properties 
measurements are presented in Section 8.2. 
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2 3 4 5 13 6 7 8 9 10 14 II 15 12 16 
Top view 
1 2 3 4 5 6 789 10 II 12 13 
Front 
1. Rod of cylinder 2. Flow regulator A 
3. On-off valve A 4. Tow-way port A 
5. Pressure transducer A 6. Cylinder 
7. Pressure transducer B 8. Two-way port B 
9. On-off valve B 10. Flow regulator B 
11. Load 12. Slide guide 
13. Rack of system 14. Connector for load and belt 
15. Tooth belt 16. Encoder 
Figure 7-1 Simplified construction views of the EP-I 
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atmosphere 
(Pabn) 
NextMove Motion Controller 
Encoder 
' igur 7-2 The block diagram of the closed loop control system 
implified con truction diagram of the ES-I are depicted in Figure 7-1. Other 
comp nent th tern employs are: 
• " 0 pr ure transducers (PTA, PTB) with amplifiers; 
• 
• 
• 
• 
• 
An in r run ntal/decreamental encoder; 
alves (VA, VB) and their amplifiers; 
o\' ira \' rat regulators (FRA, FRB); 
c mputer with a NextMove Digital Motion Controller; 
th r m hani ms such as: payload, slide guide, system rack. 
bl k dia rrun fth clo ed loop control system is shown in Figure 7-2. 
In th -1 the ignal processing and control algorithm implementation are 
a mpli h d b the xtMove Digital Motion Controller (it is 
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referred as NextMove through rest of this thesis). Linear displacement of the 
load is converted to rotational motion of the encoder shaft via the tooth belt 
connecting system. Therefore, the position relating to the load is sensed by the 
encoder and fed back to the NextMove. The encoder generates quadrature pulse 
trains as its shaft rotates and the interface electronics within the NextMove 
provides up/down counting of the pulses so that displacement of the load can be 
established with information of motion direction of the load. Velocity is derived 
from the position signal. On-off valve control signals are outputted via digital 
I/O interface of the NextMove. The pressure sensors outputs are fed back into 
the NexMove via pressure signal amplifiers and NextMove's ADC interface. 
Table 7-1 Parameters and operating conditions of the EP-I 
Symmetric pneumatic cylinder: Bore size D = 32 
Cylinder mm, rod diameter d = 12 mm, stroke length L = 400 
mm 
Control 
SMCf) VF3150 5-Port Pilot on-off valves; Response 
time: 20ms or less (at 0.5MPa); Max. operating cycle: 
valves (1) 10 Hz; On voltage: 24V DC; Off voltage: OV DC. 
Power consumption: I.SW. 
FESTOf) MPYE-5-lISHF-01OB Proportional valves; 
Control Part number: 151693; Standard nominal flow rate: 700 
valves (2) liter/min (±IO%); Bandwidth: 100 Hz; Operating 
voltage: 24V DC; Setpoint voltage: 0 - 10 V DC, Mid 
position at 5V; Connector: 1/8". 
Pressure RS 256-736; Maximum operating pressure: 10 Bar; 
sensors Operating voltage 10 V; Output: 0 - 100 mY. 
Encoder BRITISH ENCODER; Type 755A; No.6A042S; PPR 
= 1500; Operating voltage: 5V. 
Supply 
7 Bar pressure 
Load 4.5 Kg (including the rod) 
The computer is used to record experimental data established by the NextMove. 
More details about the NextMove are presented in next section. The main 
parameters and characteristics of other components, and the operating 
III 
Chapter 7 Experimental system setup 
conditions of the ES-J are listed in Table 7-1. 
To verify the effect of the bandwidth of the control valves on the positioning 
accuracy, two pairs of different pneumatic valves are use during the 
experimental study. The first pair of valves is SMC@ VF3150 5-Port on-off 
valves, while the second pair of valves is FESTO@ MPYE-5-lISHF-OIOB 
Proportional Valves. Both sets of valves are configured as 3-Port on-off valves. 
The difference to be concerned between these two sets of valves is their 
bandwidth which can be found in Table 7-1. 
The symbol of the FESTO® MPYE-5-lISHF-OlOB valve is shown in Figure 
7-3. Figure 7-4 schematically shows the flow characteristic of FESTO@ MPYE-
5-lISHF-OlOB valve. For common use, when input signal voltage rises from OV 
to 5V, the flow rate reduces at outlet 2. When input signal voltage rises from 5V 
to 1 OV, the flow rate rises at outlet 4, but there exists a dead zone around the 
centre position. 
Outlet 2 Outlet 4 
Input signal 
p. 
Figure 7-3 The symbol ofFESTO@ MPYE-5-lISHF-OI0B valve 
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Input signal (DC voltage) 
Figure 7-4 The flow characteristic ofFESTO~ MPYE-5-1/8HF-OIOB valve 
Control signal 
(OVor 24V DC) 
To cylinder 
SMCe VF3lS0 
Control signal 
(OV or IOV DC) 
To cylinder 
FESTOe MPYE-S-I/SHF -0 I OS 
Figure 7-5 Configuration of pneumatic control valves for EP-I 
The configurations of the control valves used in the ES-I are illustrated in 
Figure 7-5 
7.2.2 Specifications and characteristics of the ES-I 
The specifications and characteristics of some components employed by the ES-
I are briefly discussed in the follows: 
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7.2.2.1 NextMove Digital Motion Controller 
The NextMove Digital Motion Controller is an advanced multi-axis motion 
controller developed by Optimised Control Ltd. and aiming at demanding 
motion control applications for both open loop and closed loop system. The 
NextMove provides high speed floating point digital signal processing ability. It 
has four axes of servo control with 12 bit analogue outputs and incremental 
encoder feedback (250, 500 or 1000 J..I.s servo loop update rate), four axes of 
stepper motor control. 16-bit ISA bus interface via 2K byte DPR (Dual Port 
RAM) for high-speed communications with host computer. 512K byte static 
RAM, 12 M baud serial port for high speed card to card data transfer and four 
12 bit analogue differential inputs. 
The NextMove uses a Texas Instruments TMS320c31 J..I. controller as it's 
processing unit. There are several levels of interrupt and background tasks 
which normally calls the standard function in NextMove. These functions 
control the pro filer and setting parameters used in the control algorithm. The 
user supplies demands to the profiler in User Units (UU) which are floating 
point values. There is a standard format for the function which the user can call 
to set and get parameters. 
The programming language could be nmMint (NextMove motion interpreter), 
HPGL or C. nmMint is a structured form of BASIC, specially designed for 
motion control applications, and has been written to allow users to run a wide 
range of applications, such as profile generation, servo loop PID motion control 
and open loop control. C application programs can be downloaded into 
NextMove Controller to accomplish more complex applications. Figure 7-6 
shows a block diagram of NextMove Digital Motion Controller configuration 
and how it is interfaced to the ES-I and data analysing host. 
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Figure 7-6 Block diagram ofNextMove Digital Motion Controller configuration 
with EP-I and data analysing host. 
7.2.2.2 Airflow rate regulator 
The orifice sizes of the airflow rate regulators are an important parameter for 
verifying the mathematical modelling. However, from market it is difficult to 
find an airflow rate regulator that has a known orifice size after the orifice 
adjustment; therefore, two mechanical parts have been designed to build a 
special airflow rate regulator that the orifice size is certain. 
These two parts are named Connector and Orifice Regulation Plate, respectively 
in this research. Figure 7-7 shows dimensions of the two parts. A set of Orifice 
Regulation Plate with different sizes of inner orifice is made for the experiment. 
A standard pneumatic silencer is also used to build the airflow rate regulators. 
Figure 7-8 schematically shows setup of the airflow rate regulator. An Orifice 
Regulation Plate with some sealing material on the outer edge is fixed into the 
connector by screwing the pneumatic silencer into the connector. 
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M3/4 
1-5mm 
15mm 
Thickness: 0.8 mm 
M3/4 
(a) Connector (b) Orifice Regulation Plate 
Figure 7-7 Dimensions of the Connector and the Orifice Regulation Plate 
Silencer 
Orifice 
Regulation 
Plate 
Connector 
Figure 7-8 Setup of the airflow rate regulator 
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7.3 Setup of ES-1/ (System For High-speed Motion Control of 
CIPDs) 
Simplified construction views of ES-II, which is employed for the experimental 
studies of high-speed motion control of CIPDs, are depicted in Figure 7-9. 
Figure 7-10 shows a block diagram of the closed loop control of ES-II. In 
Figure 7-10, the components connected by dash-dot lines are used for data 
processing purpose; it does not have any contribution on the control loop of the 
system. 
ES-I1 is constructed based on the theory presented in Section 4.4. Main 
components included in the system are: 
• One asymmetric pneumatic cylinder. 
• Four pneumatic valves, two of which are 3-port, 2-position on-off valve 
(Valve A and B) used for the motion direction control of the load and. 
Other two are 2-port, 2-position on-off valves (Valve C and D) used for 
the motion speed control of the load. 
• A motion controller built based on Echelon TPIFT -1 OF control module. 
• An increamentalldecreamental encoder. The information about the 
position of the load is sensed by the encoder and fed back to the controller. 
• A pressure regulator, it is used to reduce the pressure in the chamber 
associated with the large area of piston, so that the load is stable at the 
Stand-by state. 
• Three adjustable airflow rate regulators. 
• A computer. This computer is used for LonWork network management 
and monitoring some network variables. It is also used to send some 
control commands, e.g. target position, to the main controller. This 
computer dose not makes any effect on the closed loop control of the 
system. 
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Figure 7-9 Simplified construction views of the Experimental Study System 
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Figure 7-10 The block diagram of the closed loop control system 
The main parameters and characteristics of other parts and operating conditions 
of the E are listed in Table 7-2. 
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Table 7-2 Parameters and operating conditions of the Mathematical Analysis 
System 
Symmetric pneumatic cylinder: Bore size D = 32 mm, rod 
Cylinder diameter d = 12 mm, stroke length L = 1000 mm 
Control SMC(I) VF3150 5-Port Pilot on-off valves; Response time: 
valves 20ms or less (at 0.5MPa); Max. operating cycle: 10 Hz; On 
voltage: 24V DC; Off voltage: OV DC. Power 
consumption: 1.8W. 
Pressure RS 256-736; Maximum operating pressure: 10 Bar; 
sensors Operating voltage 10 V; Output: 0 - 100 m V. 
Encoder BRITISH ENCODER; Type 755A; No.6A0428; PPR = 
1500; Operating voltage: 5V. 
Supply 
7 Bar pressure 
7.4 Setup of ES-I/I (Two Axes Gentry Type Pick-end-place 
Machine) 
A two-axis pneumatically driven gantry type pick-and-place machine was 
constructed as illustrated in Figure 7-11. The machine is capable of providing 
motions in a two-dimensional plane. The motion was powered with pneumatic 
cylinders. The motion in the plane can be described with an X-axis and a Y-
axis. 
The X-axis drive - It provided the swing action. This was powered by a 
cylinder called X-axis cylinder (X-Cylinder) in this study. The swing angle 
caused by the rod movement of the X-axis cylinder is measured by an encoder 
referred to as the X-Encoder. In this study, the X -axis was presented using the 
displacements of the cylinder rod that drove the swing motion. 
The Y-axis drive - It provides vertical motion along the rod of a cylinder called 
V-Cylinder in this study. The rod displacement ofY-Cylinder is measured by an 
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encoder referred as Y -Encoder. 
7.5 Construction of Two Axes Gantry Type Pick-and-place 
Machine 
The simplified constructional diagram of the two axes gantry type pick-and-
place machine is given in Figure 7-12. The motion generated by this system can 
be demonstrated in a simplified way in Figure 7-13. 
Tooth belt 
Y Displacement 
Range 
Encoder A 
Swing angle 
Encoder B 
Cylinder B 
Figure 7-11 3-D view of pneumatically driven pick-and-place machine 
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(Front view) 
1. Y-axis encoder 
3. Slider guide 
5. Y-axis cylinder 
7 . Y-axis shaft 
9. X-axis encoder 
11. Slider rod 
13 . X-axis cy tinder 
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4 7 8 9 
12 13 14 14 
(Right side view) 
2. Y-axis tooth belt 
4. Y-axis system rack 
6. System rack 
8. Y-axis bearing 
10. Slider 
12. Load 
14. X-axis bearings 
Figure 7-12 Simplified construction views of pick-and-place machine 
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Figure 7-13 Schematic diagram of motion for the pick-and- place machine 
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7.6 TPIFT-10 Control Module Based Servo Motion Controller 
Several servo motion controllers based on TPIFT-IO Control Module have been 
design and built up for the control of CIPDs. A set of development tool for 
employment of LonWorks Technology are used for the development of the 
servo motion controller. Such development tools provide an easy way for the 
implementation of distributed control system. LonWorks Technology is a 
complete platform for implementing control network systems and supports a 
wide variety of communications media including twist pair, power-line 
communication. More information about LonWorks Technology is presented in 
Appendix. 
This chapter presents some details of the motion controller including assistant 
circuitry ofTPIFT-lO control module, motion control strategy programming. 
7.6.1 Assistant circuits ofthe TPIFT-I0 Control Module 
An Echelon's TPIFT-IOF Control Module contains core elements for a device 
designs using LonWorks technology. However, to build a completed motion 
controller, some assistant circuits are normally required. 
Some of electronic circuit has been designed to associate the TPIFT-IO control 
module to perform the CIPDs motion control processing. This motion control 
processing mainly includes the following tasks: 
• Network control variable processing; 
• Sampling load position; 
• System initialisation; 
• PD control algorithm processing and three-state control signal conversion; 
• Control loop updating; 
• Driving control valves. 
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Home Position sensor 
sensor (encoder) 
TPIFT-IOF Control Module 
Power VDDI+-~ 
+5V supply 
Control signals 
to ISC model 
Control signals 
to IDC model 
+24V 
Power to IDC and 
ISC models 
Figure 7-14 Block diagram ofCIPD motion controller 
The assistant circuit can be divided into 3 functioning blocks: 
• Power supply; 
• Position measurement; 
• Home position sensor. 
Figure 7-14 is block diagram of the CIPD motion controller. It also shows 
relationship between the assistant circuits and the TPIFT-IOF Control Module. 
Detailed circuit diagrams of Assistant circuits are given in the follows. 
7.6.1.1 Power supply: 
The power supply unit supplies +5V power source to the TPIFT-IOF Control 
Module and the encoder, and +24V power source to the ISC module and the 
IDC module, respectively. 
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7.6.1.2 Position measurement: 
Two of increamental/decreamental type encoders with quadrature output signals 
are employed in this experimental study system. The Neuron Chip quadrature 
input function provides a simple means to process external data encoded in 
quadrature fonnat. The function can be invoked by using a few statements in a 
Neuron C application program. Either 10_4 or 1o_6 of TPIFT-IO Control 
Module may be used to define two IIOs as quadrature inputs pins. The second 
pin needed for the two quadrature inputs is assumed to be the next higher pin 
number (10_5 or 10_7). Figure 7-15 shows the encoder connection to the 
Neuron Chip. For this application, 10_4 and 1o_5 are used as quadrature input 
pins. 
~ +5V 
"-" ~ 1o_4 A ~ ~ 
10 5 
B 
Figure 7-15 Encoder connection to the Neuron Chip 
7.6.1.3 Home position sensor block: 
A home position is a reference to a servo control system to initialise the system. 
Figure 7-16 is the circuit diagram of home position sensor block. This block 
consists of a nonnal-closed switch and a diode. The switch is allocated at a 
position so that it can only be closed by the system when the system is at home 
position. When the home switch is trigged (opened), a Logical I signal is input 
to the 1o_8. This signal executes a sub-program which sets the 1o_9 to low 
level. Thereafter, the low level of 10_9 will hold the 10_8 at low level forever 
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via the diode. Therefore, any further changes of home switch's state (open or 
closed) will have no effect to the system. 
+5V 
10_9 
:4~ 1o_8 ) Internal. pull-up resIstor 
l 
~ TPIFT-IO 
..... 
Figure 7-16 Circuit diagram of home position sensor block 
7.7 Programming of the servo motion controller 
Programming of the servo motion controller was carried out usmg the 
NodeBuilder development tool to write the application source code, compile, 
build and load the application program into the controller. 
7.7.1 Closed loop control update timer 
One of the three timers within the Neuron Chip is employed as closed loop 
control processing update timer. The timer is set up to 4 ms. Every time the 
timer expires, the program for closed loop control algorithm will be triggered. 
Hence, the motion controller outputs are updated every 4 ms according the load 
position fed back by the encoder. 
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7.7.2 Use of Integer in control algorithm programming 
The performance of a fast real time control system is heavily related on the 
structure of the control algorithm program. A reasonable good structure can 
save the calculating time which is important for the fast real time control. 
A motion control algorithm of feedback control system includes some 
mathematical calculations, for example, working out positioning error between 
the setpoint (normally floating-point number) and process variables, 
proportional, derivative, integral feedback loop, and other terms of calculations. 
The load motion process information (e.g. position, velocity, acceleration) is 
also calculated according to a pulse train signal from the position sensor. In 
such case, an element named "Scale" is normally used to set all encoder driven 
variables to user defined units, for example, Position (mm) = Total pulses 
received / Scale (pulse/mm). 
In practice, the value of the scale is not only depending on the user defined unite 
for control variables, but also depending on the mechanical structure of the 
plant. Hence, the scale normally is a floating-point number, which makes the 
control variable to be a floating-point number. The control variable will be used 
through out the control algorithm calculation, hence such control algorithm 
calculation are floating-point number based calculation. Figure 5-10 shows the 
general processing procedure of deriving a control command by the control 
algorithm sub-routine. 
The Neuron C complier does not directly support the use of the ANSI C 
arithmetic and comparison operators with floating-point values. There is a 
complete library of functions for floating-point math. All of floating-point math 
processes are achieved by calling the function. 
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Setpoint 
(Floating-point) 
Control algorithm 
sub-routine 
!-----------~::::--
...n....n.J"L from encoder 
, 
, 
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Total pulse 
number (Integer) 
Divide by 
"Scale" 
Measured position 
(Floating-point) 
+ 
, Rest of processes are 
: carried out in floating-
; point numbers ! 
~-------------______ I 
Figure 7-17 General processing procedure of control algorithm calculation 
However, calling functions for floating-point maths is time consuming. Table 
7-3 lists the performance of some basic floating-point math normally involved 
in control algorithms. They were measured using a Neuron Chip with a 10 MHz 
input clock. 
Table 7-3 Floating-point math performance (ms.) 
Function Maximum ems) Average (ms) 
Add 0.56 0.36 
Divide 2.43 2.08 
Multiply 1.61 1.33 
Conversion to 16·bit integer 2.84 0.75 
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In this research, the closed-loop update period is designed for 2 ms .. This time is 
not enough for involving floating-point maths within control algorithm. 
Therefore, the control algorithm processing has been designed using integers 
through out the algorithm sub-routine. This is achieved by converting the 
setpoint (floating-point number) to be pulse number (target pulse number) 
which is a integer, and use the pulse number for rest calculations. 
Network variable process sub-routine 
(updated when new value received) 
~------------------
I 
I 
I 
I 
I 
I 
I 
I 
I 
Setpoint in user unit 
(Floating-point) 
! 
Multiply by 
the "Scale" 
Setpoint in pulse 
number 
(Floating-point) 
Convert to 
integer 
Target pulse 
number (Integer) 
I I 
I I L _________________ _ 
Control algorithm sub-
routine (updated12 ms.) 
~-----------------~ 
Pulse train from 
J"1..f1..I"L encoder 
Pulse 
counter 
Total pulse 
number 
+ (Integer) 
I 
I 
I 
I 
I Rest of process is carried 
: out in integer numbers 
I l _________________ _ 
Figure 7-18 Processing procedure of variable calculation of CIPDs 
Figure 7-18 shows the processing procedure of variable calculation employed 
within CIPDs. The setpoint (target position) is network variable and sent by 
other devices. When a new value of setpoint is received, it will be multiplied by 
the scale, and then converted to an integer vale in number of pulse number 
(target pulse number). Truncation of the converting a floating point 
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number to a Neuron C signed integer is towards zero, e.g. -567.6745 will be 
converted to be -567, and 398.578 will be converted to be 398.This process will 
be curried out by a subroutine for network variable process, which is out side of 
the control algorithm process. By using this arrangement, whole control 
algorithm process will be curried out in integers. 
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B.1 Introduction 
The structure of the three experimental systems and pneumatic system 
mathematical modelling of CIPDs are presented in Chapter 1 and Chapter 6, 
respectively. This chapter introduces a set of experimental studies carried out 
using the three experimental systems during this research. The main purposes of 
the experimental studies are to verify the theoretical analysis and evaluate 
perfonnance of CIPDs control strategies developed in the research. The 
verification of the mathematical modelling was carried out on the ES-1. The 
experimental studies were started by testing some characteristics of the 
experimental systm, such as: static friction, viscous friction and Coulomb 
friction. These characteristics are the key factors in mathematical modelling 
process. The perfonnance evaluations were carried out on the ES-II and ES-Ill. 
B.2 Friction characteristics of the ES·I (Mathematical Analysis 
System) 
Friction is perhaps the most important nonlinearity that is found in may 
mechanical system with moving parts. It is commonly described as linear 
viscous damping, Coulomb friction and stiction or some combination of them. 
In linear control theory, either it is assumed that the friction is linear viscous, or 
attempts are made to linearize the friction about some operation point in order to 
make a linear analysis possible. Unfortunately, attempts to ignore or linearize 
significant Coulomb friction or stiction, both of which are represented by a 
discontinuity at zero velocity, may lead to erroneous predictions of a system's 
behaviour. 
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Such friction also plays an important role in the positioning control of 
pneumatic drives. The friction within pneumatic drives mainly arises in the 
contacts of the piston with the cylinder walls as well as in the linear slide-way 
and other minor rubbing elements. In this section, the experimental studies are 
curried out to measure the static friction and its distribution along the cylinder 
stroke, and to determine the viscous friction as well. 
8.2.1 Static fridion of the ES-I 
The total system static friction is determined by the force difference between the 
two sides of the piston when the load velocity Y is zero. In control engineering, 
the calculation of maximum static friction is more important because that 
system changes from static state to dynamic state when the maximum static 
friction is overcome. 
By applying Newton's second law, the dynamic behaviour of the system can be 
described by the following equation (assume Aa = Ab = A): 
(8-1) 
At static state, Y = 0 and Y = O. Therefore the total system static friction is 
(8-2) 
Thus the chamber pressures just before the load moving are measured to derive 
the force difference. The measurements have been curried out for different 
piston position and motion direction, the definition of measured piston positions 
and motion directions are shown in Figure 8-1. 
133 
Chapter 8 Experimental studies 
o 
Positive motion (0 - 400 mm) 400mm 
i 
Load 
p. Pb 
I 
400mm Negative motion (0 - 400 mm) o 
Figure 8-1 The definitions for the piston positions and motion direction 
~------------------------------------------,'~ 
- __ • ___ - •• - •• ------_._______________________ 00 
• - .. - .---- •• ---- .- •• --------.----------------.--- 20 
PIIIan poeIIIOn 1m) 
Figure 8-2 Static friction distribution of the experimental system 
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8.2.2 The system viscous friction and Coulomb friction 
At steady moving state (t * 0 , Y = 0), the static friction becomes dynamic 
friction. From Equation (8-1), one obtains 
(8-3) 
If two sets of the chamber pressures at two different steady state velocities are 
measured. the viscous friction coefficient C f and Coulomb friction Fe can then 
be obtained by putting them into Equation (8-3) and resolving the simultaneous 
equations (this method has also been applied by previous researcher Z. Zhang, 
1999). 
The experimental test for measuring the viscous friction coefficient C f and 
Coulomb friction Fe· was run for three times to ensure test repeatability. Table 
8-1 lists the experimental results, the data in the two columns in each test are 
from different directions. 
Table 8-1 Experimental results of testing C f and Fe 
Test 1 Test 2 Test 3 
Pa (8ar) 7.77 7.37 7.77 8.00 7.88 7.37 
Ph (8ar) 7.50 7.01 7.50 7.67 7.60 7.01 
t (m/s) 0.14 0.30 0.14 0.263 0.15 0.30 
C, 38.8 36.6 36.8 
Fe· 13.2 13.14 13.8 
Average CI 36.7 Average Fe 13.47 
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8.3 Verification of mathematical modelling of CIPDs 
The verifications of the mathematical modelling, derived in both the transfer 
function and the state-space presentation in Chapter 6, have been conducted 
with the experimental system ES-I. The structure and system parameters are 
presented in Section 7.2. MatLab simulation tool is also used in these 
verifications. The parameters used in the MatLab simulation are listed in Table 
8-2. Some of the parameters are calculated out for experiment results. 
Table 8-2 Parameters used in MatLab simulation 
Parameter Symbol Value 
Piston area of Chamber A, B Aa.b 0.00069 m2 
Size of exhaust orifice AXOh l1xl0 ·7 
Discharge coefficient Cd 0.82 
Viscous damping coefficient Cj 36.7 
Stroke length of cylinder I 0.45m 
Load mass M 4.5Kg 
Initial pressure of Chamber B Phi 7.5 Bars 
Gas constant R 2871K 
Temperature of air supply Ts 300K 
Initial position of the piston Yt 0.05m 
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Figure 8-8 Difference between the transfer function and state-space presentation 
for simulation of step-input response 
8.4 Experimental Studies of High-speed Motion Control of CIPDs 
Experimental studie for high-speed motion control of CIPDs are based on the 
theory presented in ection 4.4. The experimental system employed for this 
study is the E -II. The structure and other details are introduced in Section 7.3. 
The exp rimental ystem is constructed based on the Figure 4-14 with two 
speed valves ( Vs). 
The purpose of this experimental study is to verify the effect of the deceleration 
control strategy on the system high speed positioning performance. Figure 8-9 
shows an experimental result clearly indicating the relationship between 
position velocity, speed valve control signals, and period of PD-based three-
state control trategy of high-speed CIPDs. 
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Figure 8-9 Experimental results showing the relationship between position, 
velocity, and speed valve control signals of high-speed CIPDs 
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Figure 8-10 shows the experimental result of the velocity profile from two 
experimental studies (Experimental A and B). The difference in experimental 
conditions of these two experiments is the size of the exhaust orifices controlled 
by SV I and SV 2. From the experimental results it can be seen that, by carefully 
adjusting the size of the exhaust orifices in the Experiment B, the load can be 
decelerated efficiently when it is approaching its target position, with very small 
velocity overshoot. Therefore, the deceleration control strategy can be an 
effective method in improving the behaviour of high speed CIPDs. Figure 8-11 
shows the corresponding positioning profile of the Experimental A and B. 
~00r---------------------------------------------~ 
.... ~_---- Experimental B 
1200 
_ Experimental A 
0.170.34 0.51 0.680.85 1.021.19 1.361.53 1.7 1.872.04 2.21 2.382.552.72 
-300 .1...---------____________________________ -...1 
Time (s) 
Figure 8-10 Effect of speed valves controlled exhaust orifice size on the 
deceleration regulation 
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Figure 8-11 Positioning profile of two experiments with different size of 
exhaust orifices 
8.5 Experimental Studies on the Two Axes Gantry Type Pick-and-
place Machine (ES-III) 
8.5.1 Nodes within the two axes gantry type pick-and-place machine 
network 
The two-axis gantry type pick-and-place machine (ES-III) has been described in 
Section 7.4. Figure 8-12 illustrates the construction of the experimental control 
system for the pick-and-place machine. 
There are five nodes within the local control system. Two of them are CIPDs 
used as X-axis controller and Y-axis controller that are built based on the 
structure shown in Figure 4-14, with two speed control valves are used in each 
drives. A Gateway node creates a connection between the local control network 
and Internet, hence the remote services access strategy presented in Section 5.2 
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can be verified. A source control node is also installed in the local control 
network for demonstration purpose. In the experiments, this node can respond 
the remote service commands, which are sent from somewhere in the world via 
Internet, that to turn on (or turn off) the power sources of Y-axis Drive. The last 
node is called Commander in this research; the details about the Commander 
will be introduced in Section 8.5.3. 
Commander 
Co 
a 
mpressed 
ir source 
lectrical E 
pow er source 
-
-
X-axis Gateway 
Drive 
[ 
Local control network 
Source Y-axis 
Control Drive 
Figure 8-12 Network of the two axes gantry type pick-and-place machine 
When the system is powered up, the Gateway will firstly obtain an IP address 
and other TCP/IP network information using DHCP protocol, and then the 
Gateway will be trying to register the local control network with its 
manufacturer by sending out registration message. Once the registration is 
successful, the Gateway can be accessed from anywhere in the world using an 
Internet exploring tool with Gateway's IP address. In response, the Gateway 
will send out a web page to display the information of local control network, 
and services that the manufacturer allowed to use. Figure ·13 illustrates an 
example of web page that stored in the Gateway and displayea by Microsoft 
Internet Explorer. Through this web page, users are able to control the supply 
state of power sources, and to send new target positions to the X -axis and the Y-
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axis mention controllers, respectively. 
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Figure 8-13 An example web page stored in the Gateway and displayed by 
Microsoft Internet Explorer 
8.5.2 Test of the motion controller performance 
As discussed in Section 7.7, the performance for the motion controller is 
significantly affected by the structure of control algorithm sub-routine and the 
frequency of the control loop update timer. Higher frequency of control loop 
update rate can normally leads to more effective control performance. However, 
if the frequency is too high, then the controller may not be able to complete the 
control algorithm process in each control loop update interval. This can cause 
controller to generate incorrect outputs. Therefore, it is very important to test 
the performance of the motion controller before carrying on the experimental 
studies. 
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A program, which simulates the control algorithm process in real application, 
has been written for testing of the controller performance. 
Va=O, 
When the loop update 
timer expires 
PO control algorithm 
computation 
Vb = 1, Error 
=0 
Va= 0, 
Vb= 0, 
Error = 10 
Va = I, 
Vb=O, 
Error = -10 
------1-
-; 
6h 
. iii 
~ ~ c 
'? 0 u .-~ ~ 
.c u 
... > 
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U U 
~ 
-; 
C 
-< 
______ ..:J_ 
Figure 8-14 Flowchart of closed-loop control computation simulation program 
Figure 8-14 is the flowchart of the simulation program. In the program, an 
initial value of 0 is setup as positioning error for the PD control algorithm 
computation, this value will cause the controller to output a "00" control signal 
after the analogue to three-state signal conversion. Subsequently, the position 
error will be setup to 10, which will causes the controller to output a "10" signal 
after second execution. The positioning error will be to -10 for third execution. 
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The third execution will output a "01" control signal and set the position error to 
be 0 for next execution which is same as the first execution, and so on. In this 
method, following the execution of the program triggered by the control loop 
update timer expiration, the position error will changed in the cycle of "0 ~ 10 
~ -10 ~ (return to 0)", and the output of the controller will be in the cycle of 
"00 ~ 10 ~ 01 ~ (return to 00)". 
The tests were carried out by setting up the timer for different time, and then the 
outputs of the motion controller for the direction control valves are monitored. 
Figure 8-15 shows the experimental result when the trigger interval is 4 ms. The 
experimental results show that the controller required about 3 ms time to 
complete the computation, and when the execution interval is less than 3 ms, it 
cannot be guaranteed to complete the control algorithm process. 
Clock 
o 5 10 15 20 25 30 35 40 45 50 ms 
Figure 8-15 Performance of simulation program with 4 ms execution interval 
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8.5.3 The Commander 
The Commander is designed only for this experimental study purpose, and is 
built based on TPIFT -10 model. It plays a role as a sensor or other node 
generating Lon Works network variables as target positions to the X, Y-axis 
controllers. Hence, the pick-and-place actions of the machine can be completed 
by the Commander node sending out a series of target positions to the X and Y-
axis drives. The Commander has a control panel with setting switch and four 
control buttons. It can be set to either AUTO or MANUAL by the setting 
switch. When the Commander is set to AUTO, it will send out target position 
network variables automatically in a sequence for completing pick-and-place 
actions; When the Commander is set to MANUAL, sending out variables (target 
positions) can be controlled by users, alternative, user could control the pick-
and-place machine to do an individual action using one of the four buttons. 
Figure 8-16 shows the control panel of the Commander, while Figure 8-17 
shows the sequence of automatically sending out the target positions by the 
Commander, Figure 8-18 illustrates the corresponding actions of the pick-and-
place machine for the AUTO setting. Each action can also be achieved 
individually using the MANUAL setting and the four control buttons. 
I~I 
Auto I Manual 
DO DO 
Up Down Right Left 
Figure 8-16 Control panel of the Commander 
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Y-axis target position = 300 Action I 
Y-axis target position = 0 Action 2 
X-axis target position = 100 Action 3 
Y-axis target position = 300 Action 4 
Y -axis target position = 0 Action 5 
X-axis target position = 0 Action 6 
Figure 8-17 Sequence of sending out the target position by the Commander 
Action 3 
Action 6 
tAction 2 
~ Action I 
Figure 8-18 orresponding actions of the pick-and-place machine 
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8.5.4 Experimental results of control of the Pick-and-place Machine 
Some experimental studies have been carried out to verify the distributed 
control and strategy of remote service access via Internet of the pick-and-place 
machine. Figure 8-19 shows the positioning profile when the Commander sends 
individual target positions of 300 mm to the X-axis drive, and 100 mm to the y-
axis drive, respectively. Figure 8-20 shows the positioning profile of the X-axis, 
Y -axis when the Commander is set to automatically send out target positions. 
The circled numbers in Figure 8-20 indicate the corresponding actions shown in 
Figure 8-18. 
The experimental studies have confirmed that by using the CIPDs, the system 
setup, including wiring, tuning, and further developing, can be achieved easily. 
Hence, the CIPDs provide potentials for building high flexible, cost effective 
manufacturing systems. 
350 
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Figure 8-19 Positioning profile of X, Y-axis responding to netwod variables of 
target positions 
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Chapter 9 Conclusions 
9.1 Research Contributions 
The research contributions to the knowledge of servo pneumatic drives control 
are summarised in the following sections. 
9.1.1 Development of "on-off' control strategy for pneumatic cylinder 
motion 
Most of previous researches on the control of servo pneumatic drives are based 
on the traditional motion control strategy. In such strategy, a movement control 
is achieved by controlling the compressed air that being charged into both of the 
pneumatic actuator chambers. The pressures in the chambers are equal to the 
atmospheric pressure or lower than the air supply pressure when the drive is in 
the standby state. To achieve a good control perfonnance, one or several 
cooperative high-bandwidth proportional or on-otT control valves are placed 
between the compressed air source and the pneumatic actuator. However, from 
the manufacturing point of view, the cost of high bandwidth proportional and 
on-off valves is expensive. This deters the manufacturer from applying this kind 
of system, thus making them less favourable. 
A new pneumatic cylinder motion control strategy has been developed in this 
research. In this new control strategy, chambers of the pneumatic actuator are 
directly connected to the compressed air source when the drive is in standby 
state. The motion control of the actuator is achieved by controlling the release 
air. Thus, for a complete motion process, air pressure in only one of the 
chamber is being controlled (the other remains constant). By using this method, 
not only the air in the chambers is more controllable but also low-
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bandwidth pneumatic valves can be employed, hence providing a lower cost 
pneumatic system. 
9.1.2 Development of PD-based three-state control algorithm for the "on-
orr' control strategy 
The new motion control strategy employs two on-off valves as direction control 
valves. A full motion process can be implemented by controlling only one of the 
direction valves. There are three motion states within a full motion process. By 
using logical state of valve control signals of the two direction control valves, 
the three motion states can be denoted as: "01" motion state (extending motion 
state), "10" motion state (retracting motion state), and "00" motion stat 
(deceleration and standby state). 
A three-state control algorithm is developed for point-to-point motion control of 
pneumatic system with the new motion control strategy. The algorithm is based 
on an analogue based control algorithm, for example, PID-based control 
algorithm. In this algorithm, a function block referred as Interpreting Block 
converts an analogue control signal to a three-state signal, and outputs 
cooperated valve control signals the two direction control valves. The three-
state control algorithm provides an easy way in control of on-off valves using 
some traditional control algorithm. It can be implemented by either 
programming or hardware, or their combination. 
9.1.3 Development of components-based architecture of integrated 
pneumatic drives 
The CIPDs designed in this research are oriented by components-based 
methodology. This architecture provides some significant features. 
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Initially, a CIPD can be built up using three CIPD components: Integrated 
Pneumatic Actuator (IP A), Integrated Direction Control Module (IDC), and 
Integrated Speed Control Module (ISCV). The motion controller inside IP A is 
integrated with LonWorks Technology with pre-loaded application image. With 
the special designed cylinder motion control strategy and motion control 
algorithm, the application image is independent to the characteristics of the 
other components. Compared with traditional pneumatic drives, main features 
provided by the architecture are: 
• Flexibility in building up pneumatic drives for different application 
specifications. For pneumatic drives providing point-to-point 
motion force, the specifications that are more concerned in real 
application mainly are the motion distance, the driving force 
capability, the motion speed, the positioning accuracy, and so on. 
These specifications can be met by choosing different combinations 
of the three components as such specifications are mechanically 
determined, except the positioning accuracy which is pre-fixed by 
the application image and independent to the components used. 
Hence, users can build up different pneumatic drives using different 
standard CIPD components to meet different application 
specifications, without concern of modifying the application image. 
• Easy in system tuning. CIPDs employ a special motion control 
strategy. The motion speed of load can be adjusted mechanically by 
a normal user rather than programming the motion controller by a 
specialist. Furthermore, the application image of a CIPD is 
independent to characteristics of other components. 
• Multiple-media communication ability. A CIPD can also be 
regarded as a component in a large-scale distributed control system. 
The CIPDs employ the LonWorks Technology which support 
Multiple-media communication ability; As the design of CIPDs is 
oriented by distributed control technology, the CIPDs 
155 
Chapter 9 Conclusions 
support the design in both "real" world and "virtual" world. Hence 
provide a great flexibility for large scale manufacturing system 
design. 
9.1.4 Mathematical analyses of pneumatic system with the new cylinder 
motion control approach and the "on-ofr' control strategy 
Mathematical analyses of pneumatic system with the new cylinder motion 
control approach have been carried out in this research, regarding to the system 
modelling, system stability, and other system characteristic issues. 
The modelling is based on the standard orifice theory and gas lows, and 
developed in both frequency domain and time domain. The model verifications 
have been conducted by comparing open-loop system dynamical response 
obtained through simulation and experiments. Both theory and experimental 
studies show that pneumatic drives with the new motion control strategy can be 
largely represented as a second order system for velocity regulation. 
Stability is the most important specification for a control system. According to 
the system transfer function, it is known that, at moving state of motion, there 
are no roots of the polynomial in the right half-plane. Therefore, the open-loop 
system is a stable system at moving state of motion. According to the state-
space presentation of stopping stage of motion, one conclusion can be made 
that, at stopping state of motion, the system has two poles, and both poles are 
real values and not in the right half of the s-plan. Therefore, the system at 
stopping state of motion is stable. According to the Lyapunov's direct method, 
the analyses also showed that a closed-loop controlled CIPD can be a stable 
system, an asymptotically stable system, or an unstable system, largely depends 
on the RAE once the system has been setup. 
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9.1.5 Discovery of the Velocity Gain of pneumatic system with the new 
motion control strategy 
The mathematical analyses carried out during the research have also revealed a 
relationship that can be applied to estimate the load velocity for the system 
employing the new motion control strategy. In this research, the relationship is 
referred Velocity Gain Kv. The Velocity Gain Kv is largely determined by the 
effective area ratio of exhaust orifice and the piston in exhaust chamber. The 
relationship has been verified by both the experimental results and simulation 
results. 
9.1.6 Application considerations of Neuron Chip 3150 for distributed 
control of pneumatic drives 
LonWorks technology is a complete platform for implementing control network 
systems. It includes all of the elements required to design, deploy and support 
control networks. In order to employ the application processor of the Neuron 
Chip for implementation of distributed controlled pneumatic drive, several 
solutions have been developed in this research. A set of assistant circuits have 
been designed working with the Neuron Chip to gain the benefits of efficiently 
use of the processor. The control algorithm computation update trigger timer, 
for example, outputs a pulse train signal to meet the scheduler of the Neuron 
Chip. Each time the change in the state of the signal will cause the control 
algorithm to be updated; the use of integer in the control algorithm 
programming could speed up the computation process. Such solutions can be 
guidance of Neuron Chips applications in other areas requiring fast real-time 
control system. 
9.1.7 Research of high-speed motion control of pneumatic drives 
For high-speed point-to-point machinery, fast operating cycle times and good 
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positioning accuracy with very small or without overshoot is often a 
prerequisite. 
A deceleration control strategy for high-speed motion control of pneumatic 
drives has been developed in this research. The basic theory of the control 
strategy is based on control of the Velocity Gain Kv, which is largely determined 
by the effective area ratio of exhaust orifice and the piston in exhaust chamber. 
The application program pre-installed in the motion controller is independent to 
the hardware. Therefore, to build a cost-effective pneumatic drive, users are 
allowed to install different numbers of speed control valves and set different 
exhaust orifice size without changing any programming for the motion 
controller. 
9.2 Recommendations for Further Research Work 
9.2.1 Further research on performance of pneumatic drives with the new 
motion control strategy using other control algorithm 
This research has only focused on performance of CIPDs based on PID-based 
control algorithm. Further research works on the performance of CIPDs with 
other control algorithm or approach, e.g. Fuzzy logic control, are recommended 
to understand the CIPDs in a wide aspect. 
9.2.2 Research on velocity profile control of pneumatic drives with the 
new motion control strategy 
This research has only focused on point-to-point motion control of CIPDs. For 
some special applications, velocity profile control may be required. Therefore, 
further research work on such topic is also recommended. From the 
mathematical analysis it is known that the amplitude of transient velocity profile 
of CIPDs is determined by the Velocity Gain Kv, which is largely 
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determined by the effective area ratio of exhaust orifice and the piston in 
exhaust chamber. Hence, for velocity profile control of CIPDs, use of 
proportional valve may be required to achieve proportional change between the 
control command signals and the ratio of exhaust orifice and the piston 10 
exhaust chamber. 
9.2.3 Research on the application of other network technology in the 
CIPDs 
This research employed the Lonworks Technology as the technology for the 
distributed control of CIPDs. The data transmitting rate of the control module 
used in the research is maximum 1.25Mbps, which is much lower the some 
other network communication protocols and technologies, such as, CPTIIP, 
Fireware 1394, Bluetooth, IEEES02.11 b, Zigbee, and so on. Some of those 
technologies are for wireless communication which provide more flexibility. 
Therefore, it will be beneficial to do some further research on application of 
other network communication technologies with high network communication 
rate, or wireless communication, in the design of CIPDs. 
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Appendix LonWorks Technology 
LonWorks technology is a complete platform for implementing control network 
systems. These networks consist of intelligent devices that interact with their 
environment, and communicate with one another over a variety of 
communications media using a common, message-based control protocol. 
Today, thousands of intelligent devices and appliances are equipped with 
Lon Works networks. You can find them in every aspect of the device 
networking environment. Lon Works networks simplify system management, 
conserve energy, improve operations, and reduce costs. 
In a LonWorks network, no central control or master-slave architecture is 
needed. Control devices communicate with each other using a common 
protocol. Each device in the network contains embedded intelligence that 
implements the protocol and performs control functions. In addition, each 
device includes a physical interface that couples the device with the 
communications medium. 
LonWorks technology includes all of the elements required to design, deploy, 
and support control networks, specifically the following components: 
• MC143150 and MC 143120 Neuron Chips 
• LonTalk Protocol 
• LonWorks transceivers 
• LonBuilder and NodeBuilder Development Tools 
LonWorks technology supports distributed, peer-to-peer communications. A 
typical device (called node) in a LonWorks control network performs a simple 
task. General devices such as sensors, switched, relays motor drives, and 
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instruments can normally be developed as nodes on a LonWorks control 
network. The overall network performs a complex control application, such as 
running a manufacturing line or automating a building. 
LonWorks Technology supports a wide variety of communications media. The 
most common used are twisted-pair and power-line network. Power line has for 
long been seen as a potential communication medium due to its widespread 
availability. Applications targeted at home, building, industrial, transport and 
utility automation are ideally suited to power line communication. This is due to 
the conveniently situated power line infrastructure. Advances in high density 
digital integrated circuits have paved the way for power line communication to 
become a viable communication option. Traditionally, power line 
communication equated to unreliability. Nowadays this is certainly not the case. 
A LonWork network device consists of a transceiver, a Neuron chip, an 1/0 
circuitry and sense 1 control devices. Figure A-O-I shows the typical composing 
of a Lon Works node. 
r--------------------------------------
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I Source 
I 
I 
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I 
MC143150 
or 
MC143120 
Neuron Chip 
Off chip memory 
(MC143150 only) 
~ 0'-~ ::s .~ 
U 
Sensors or 
Actuators: e.g. 
Motors, Valves, 
Encoders, and 
Switches. 
--------------------------------------
Figure A-O-l Typical composing ofa LonWorks node 
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The Motorola MC143150 and MC143120 Neuron Chips are sophisticated VLSI 
devices that make it possible to implement low-cost local operating network 
applications. Through a unique combination of hardware and firmware, they 
provide all the key functions necessary to process inputs from sensors and 
control devices intelligently, and propagate control information across a variety 
of network media. The Motorola MC143150 and MC143120 Neuron Chips, 
with the LonBuilder and NodeBuilder Development Tools, provides the system 
designer many benefits, such as: easy implementation of distributed sense and 
control networks, flexible reconfiguration capability after network installation, 
management of LonTalk protocol messages on the network, and an object-
oriented high level environment for system development. 
Neuron C is the programming language designed for Neuron Chips and based 
on ANSI C. it includes extension to ANSI C that directly support the Neuron 
Chip firmware, which make it a very powerful tool for the development of 
Lon Works application. 
A.I Motorola MCI43150 Neuron Chip 
The MCl43150 is designed for sense and control systems that require large 
application programs. The MC 143150 has an external memory interface that 
allows the system designer to use 42K of the available 64k of address space for 
application program storage. Figure A-0-2 illustrates a simplified block diagram 
ofa MC143150 Neuron Chip. 
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Figure A-0-2 Simplified block diagram of an MC 143150 Neuron Chip 
An MC 143150 Neuron Chip has three 8-bit pipelined processors, one of which 
is application processor and other two interact with a communication subsystem 
to make the transfer of information in distributed control system. There are three 
modes of operation for Neuron Chip's 5-pin communication port. They are 
single-ended, differential, and special-purpose. Single-ended and differential 
modes use differential Manchester encoding which is a widely used reliable 
format for transmitting data over various media. There is an II-pin 110 interface 
with integrated hardware and firmware within a Neuron Chip for connecting to 
application-specific external hardware. These pins may be configured in 
numerous ways to provide flexible input and output functions with a minimum 
of external circuitry. There are 5 kinds of 110 objects including 34 different 110 
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objects available. Various 110 objects of different types may be used 
simultaneously. The programming model allows the programmer to declare one 
or more pins as 110 objects. Pins 104 through 107 have programmable (on/oft) 
pull-up resistors. Pins 100 through 103 have high current (20 rnA) sink 
capability. All pins (100 through 1010) have TTL-level inputs with hysteresis. 
Pins 100 through 107 also have low-level detect latches. More details can be 
found on www.echelon.com. 
A.2 Echelon TPIFT-IOF Control Module 
Echelon's TPIFT-lOF control module provides a simple, cost-effective method 
of adding LonWorks® technology to any control system. The small size of the 
control module permits them to be mounted on or inside an OEM's product, 
directly adjacent to the sensors, outputs, or displays that the module will control. 
Using the control module can save hundreds of hours of development time 
compared with designing customer modules. The control module is 
economically priced for both low and high volume users. 
The control module is supplied as compact circuit board already including the 
surface-mount technology (SMT) Neuron 3150 Chip and crystal clock circuit, 
eliminating the need for the customer to operate an SMT board assembly 
operation. The Neuron 3150 Chip is operated at 10MHz clock speed. The 
control module includes circuitry to support an Atrnel 29C257 (32K) or 29C512 
(64K total, 56K usable), or 29COIOA (l28K total, 56K usable) flash memory. 
This feature allows new parameters and applications to be downloaded into the 
module via the network, and is ideal for applications that require field 
programming changes or where nodes will be physically inaccessible. 
The control module uses an Echelon FIT-IO twist pair transceiver, which is a 
free topology, transformer-isolated, 78kbps, and differential Manchester 
encoded communication transceiver. This design provides excellent common 
mode rejection and permits the system to operate in electrically noisy 
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environments. It also reduces the susceptibility of the system to ground loops 
caused by the use of multiple node power supplies that are floating relative to 
ground. This architecture makes this module ideal for communicating over long 
distances in industrial environments. 
Figure A-O-3 is a simplified block diagram of the TPIFT-IOF Control Module. 
Figure A-O-4 shows a top view of the TPIFT -IOF control module and its 
mechanical dimensions. The control module interfaces to the node application 
electronics and to the network through two connectors, PI and P2 respectively. 
PI provides access to the Neuron Chip va, -RESET, and -SERVICE pins and 
the power connection for the control module. P2 supports connections to the 
twisted pair data network. 
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Figure A-O-3 Simplified block diagram ofTPIFT-IOF Control Module 
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A.3 Programming language - Neuron C 
The primary programming language used to write applications for the Neuron 
Chip is Neuron C. Neuron c is a derivative of the C programming language and 
based on ANSI C, enhanced to support I/O, event processing, message passing, 
and distributed data objects. Neuron C includes extensions to ANSI C that 
directly support the Neuron Chip firmware, which make it a powerful tool for 
the development of Lon Works applications. Within Neuron C, the new class of 
objects, network variables simplify the data sharing among nodes on a 
LonWorks network; the explicit control of I/O operations, through declaration 
of 110 objects, standardize multi-functional 110 specific to Neuron Chips. 
Each Neuron Chip has its own event scheduler which handles task scheduling 
for the Neuron Chip. The scheduling of Neuron Chip tasks is event driven: 
when a given condition becomes true, a body of code (called task) associated 
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with that condition is executed. The scheduler allows you to define tasks that 
run as the result of certain events, such as a change in the state of an input pin, 
receiving a new value for a network variable, or the expiration of a timer. 
Programmer can also specify certain tasks as priority tasks, so that they receive 
preferential service. 
Events are defined through when clauses. A when clause contains an expression 
of an event followed by a body of code. The code will be executed when the 
expression is true. The following is an example of when clause and its 
associated task. 
when (io_changes (home_switch)) 
{ 
//stop load; 
output (valve_A) = off; 
output (valve_B) off; 
} 
- When clause 
Task 
In this example, when the state of the 1/0 (home _ swi t ch, defined elsewhere 
in the program), which connected to a home position switch is updated, that 
means that the load just reached the home position, the body of code (the task) 
that follows the when (io_changes (home_switch)) clause is executed 
to close the specified 110 object, val ve_A and val ve_B (defined elsewhere 
in the program). After this task has been executed, the event is cleared. Its task 
is then ignored until the state of 1/0 (home_switch) is changed and the 
when (io_changes (home_switch)) clause again evaluates to TRUE. 
Neuron C adheres closely to the ANSI C language standard, however, Neuron C 
is not a "conforming implementation" of the Standard C. there are some 
difference between Neuron C and ANSI C, for example, Neuron C does not 
support floating point computation with C syntax of operators. However, a 
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floating point library is provided to allow use of floating point data conforming 
to IEEE 754. Further details can found in "Neuron C Programmer's Guide" and 
"Neuron c Reference Guide" which available on www.echelon.com. 
A.4 Network communications 
LonWorks devices communicate with other LonWorks devices through 
Network Variables (NV) or Application Messages (AM). A network variable is 
an objective that represents a date value and may be connected to multiple 
devices on a network. Network variable greatly simplify the process of 
developing and installing distributed systems because devices can be defined 
individually, then connected and reconnected easily into many new applications. 
Application messages are used for creating a proprietary interface to a device. 
Application messages can be used to for transfer of data that would not fit into a 
network variable. 
A.4.1 Communications between devices using network variables 
A network variable is an object on one device that can be connected to network 
variables on one or more additional devices. A device's network variables 
define its inputs and outputs from a network point of view and allow the sharing 
of data in a distributed application. Whenever a program writes into one of its 
output network variables (with the exception of output network variables being 
declared with the polled modifier), the new value of the network variable is 
propagated across the network to all devices with input network variables 
connected to that output network variable. In case the output network variable is 
not currently a member of any network variable connection, no transaction and 
no error occurs. Although the propagation of network variables occurs through 
LonWorks messages, these messages are sent implicitly. The application 
program does not require any explicit instructions for sending, receiving, 
managing, retrying, authenticating, or acknowledging network variable updates. 
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A neuron C application provides the most recent value by writing into an output 
network variable, and it obtains the most recent data from the network by 
reading an input network variable. A writer device (a device that writes to a 
particular network variable which is a output network variable) can change the 
value of a network variable. The connected network variables in all reader 
devices (devices that read a particular network variable which is an input 
network variable) are then updated to reflect this change. A writer device can 
also read from its last copy of the network variable, but it will only see the value 
it wrote last. In other words, two writers of the same network variable cannot 
change each other's value. 
Up to 62 network variables (including array elements) may be declared on a 
device in a Neuron C program. Programmer can declare an array of network 
variable. Each element of the array is treated as a separate network variable for 
purposes of events, transmissions on the network, and so on. Therefore, each 
element counts individually towards the maximum number of network variables 
on a given device. 
A reader device can also request that the writer device send its latest value for a 
network variable. A reader device's program may poll any input network 
variables at any time, including initial power-up and when transitioning from 
offiine to online. Polling on initial power-up can cause network congestion if 
many devices are powered-up at the same time, and they all do power-up 
polling. 
Connections between network variable outputs and inputs in different devices 
are specified by user after the device design is complete. The specification of 
the desired connections is used by a network tool to generate the appropriate 
network addresses. When these addresses are downloaded into the devices, they 
ensure that updates sent by writer reach all of the intended readers. 
The new value if a network variable received by a reader device does not take 
169 
Appendix 
effect immediately upon reception and processing of the message. Similarly, 
assignment of anew value to an output network variable does not cause a 
message to be sent immediately. 
When a writer device writes a value to an output network variable, the Neuron 
firmware causes a Lon Works message to be sent to all readers of the variable, 
informing them of the new value. By default, the message is sent using the 
acknowledged service. 
A.4.2 Communications between devices using application messages 
Application messages are used for creating a proprietary interface (Le. non-
interoperable) to a device. The same mechanism used for application messaging 
may also be used to create foreign-frame messages (for proprietary gateways) 
and explicitly addressed network variable messages. 
There is one interoperable use for application messages, and that is the 
LonWorks file transfer protocol. This protocol is used to exchange large blocks 
of data between devices or between devices and tools, and may also be used to 
implement configuration files. 
Functional blocks, network variables, and configuration properties are used for 
creating an open interoperable interface to a device. A device interface may 
include an interoperable portion and a proprietary portion. For example, a 
device may implement a proprietary interface for use solely during 
manufacturing, and an interoperable interface for use in the field. 
The content of an application message is defined by a proprietary message code 
that is sent as part of the message. This code is followed by a variable-sized data 
field. The dame message code can have one byte of data in one instance and 25 
bytes of date in another instance. 
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User can use a request/response service with application messages to enable an 
application on one device to cause an application on another device to respond 
to it. The request/response mechanism is similar to a network variable poll. 
When a network variable is polled, the application scheduler on the pooled 
device provides the most recent value for that network variable, without 
intervention of (or knowledge by) the application program. When an application 
message is sent with the request service, the application program on the remote 
device takes some action as a result of receiving the request message, and then 
provides a new value for its response. The request/response service can also be 
used to implement remote procedure calls, since it provides a way for an 
application on one device to invoke an action on another device. 
Application messages use less EEPROM table space than network variables, but 
performing the equivalent tasks using application messages always consumes 
more code space than using network variables because of the amount of support 
code built-in to the Neuron firmware for the network variables. In addition, 
using application messages is a more complicated way of accomplishing such a 
task. User must explicitly build, send, and receive application messages. 
Message attributes such as service type, authentication, and priority are defined 
at compile time or run-time, and are not configurable by a network tool after 
device installation. 
Application messages do allow for transfer of data that would not fit into a 
network variable. A network variable can accommodate up to 31 bytes of data. 
Application messages allow for up to 228 bytes of data to be transmitted within 
one message. However, large messages will not pass through most LonWorks 
routers, because are typically configured for messages with smaller amounts of 
data. 
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